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The objective of this study was to examine the potential of the magnetic ion 
exchange (MIEX
®
) process to remove nitrogenous disinfection byproduct (N-DBP) 
precursors while minimizing carbonaceous DBP (C-DBP) precursors in different water 
matrices.` 
In the first phase of the study, the MIEX
®
 process was tested in raw dinking 
waters and waters impacted effluent from wastewater treatment plant. Samples were 
collected from several drinking water/wastewater treatment plants in South Carolina. The 
effluent impacted source waters were prepared by mixing treated wastewater effluents 
with a drinking water. For all samples, formation potential (FP) tests were conducted for 
regulated trihalomethanes (THMs), haloacetic acids (HAAs), and selected N-DBPs such 
as nitrosamines and halonitromethanes (HNMs) under favorable conditions of formation, 
before and after MIEX
®
 treatment. The removal efficiencies were compared for UV 
absorbance, dissolved organic carbon (DOC), and DBP FP.  
The MIEX
®
 process substantially lowered UV254 absorbance and DOC in all 
examined water samples. Some removal of dissolved organic nitrogen was observed, 
however, its removal was generally lower than that of DOC. Significant amounts of THM 
and HAA precursors were removed after MIEX
®
 process, ranging from 39 to 87%. 
MIEX
®
 showed a very different effect on N-DBP precursors, which indicates that 
these two classes of DBPs do not share common precursors. A relatively small portion, 9-
33% of HNM precursors was removed by the MIEX
®
 treatment. In drinking water 
sources, MIEX
®
 did not remove nor contribute to N-nitrosodimethylamine (NDMA) 
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formation, whereas a substantial increase was observed in the NDMA FP after the 
MIEX
®
 treatment of effluent impacted waters. The increase in NDMA FP was correlated 
with the contributions from the wastewater effluents in water sources. Similar increases 
in NDMA FP were also observed for the other Type I ion exchange resins in contact with 
the WWTP effluent. These traditional resins have the same functional group as MIEX
®
. 
No correlation was found between soluble metals or inorganic nitrogen and the enhanced 
NDMA FP in effluent impacted water post MIEX
®
 treatment. Meanwhile, formation of 
other nitrosamine species in water did not change as a result of the MIEX
®
 process.  
In the second phase of the study, the MIEX
®
 process was tested with an effluent 
impacted stream water. The studied watershed receives a significant portion of flow from 
a municipal wastewater treatment plant discharge. In the summer and winter of 2011, 
grab samples were collected from upstream before the discharge, at the discharge, and 
four downstream locations in the stream. Bromide ion concentration at the WWTP 
effluent and in the stream after the discharge was used to calculate the effluent 
contribution to the stream. Wastewater effluent increased DOC, anions, and DBP 
precursors at the discharge location in the creek; and impacted the water quality at 
downstream locations.  
The MIEX
®
 process effectively treated the effluent impacted creek water. About 
42-47% DOC, 61-68% UV254 absorbance, and 50-70% THM/HAA precursors were 
removed after MIEX
®
 treatment. However, the MIEX
®
 process was less efficient in 
treating the effluent impacted waters than the upstream creek water. The effectiveness of 
MIEX
®
 for the control of HNM precursors ranged between 0 to 15% in both upstream 
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and downstream locations. MIEX
®
 did not reduce NDMA FP in the effluent impacted 
creed water, and an increase in NDMA FP was observed after MIEX
®
 treatment. 




 treated effluent impacted water, simulations of typical water 
treatment scenarios showed that NDMA concentrations remained below 10 ng/L, when 
chlorine alone or 40 min chlorine contact time prior to ammonia addition were employed 
for post-disinfection. However, when chloramine was applied, a high level of NDMA 
concentration of ~35 ng/L was observed. Since MIEX
®
 significantly reduces the 
formation of C-DBP precursors, the use of chlorine alone or some contact time with 
chlorine prior to ammonia addition was not problematic for THM and HAA control 
during these tests. However, the use of chloramine should be avoided due to risk of 
enhanced NDMA formation.  
Overall, MIEX
®
 could not remove C-DBP and N-DBP precursors simultaneously. 
If post disinfection is wisely designed, MIEX
®
 could achieve simultaneous control of C-
DBP and N-DBP in drinking waters. Potential water treatment options need to be further 
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INTRODUCTION 
Disinfection byproducts (DBPs) are formed as a result of reactions between 
organic matter in natural waters and oxidants used during drinking water treatment. To 
meet the stringent Stage 2 Disinfectants and Disinfection Byproduct (D/DBP) rule, 
several water utilities in the United States (U.S) have been switching from chlorine to 
alternative disinfectants to lower the concentrations of regulated carbonaceous DBPs (C-
DBPs: trihalomethanes (THMs) and haloacetic acids (HAAs)) in distribution systems. 
Although alternative disinfectants such as chloramine and ozone significantly reduce the 
formation of regulated THMs and HAAs, formation of some nitrogenous DBPs (N-
DBPs) at higher levels than found with disinfection by chlorination have been reported. 
Chloramination increases the concentration of nitrosamines, while minimizing the 
formation of regulated C-DBPs (Mitch et al., 2003; Chen and Valentine, 2006; Hua and 
Reckhow, 2007; Nawrocki and Andrzejewski, 2011). Higher concentrations of 
halonitromethanes (HNMs) have been observed during ozonation-chlorination, whereas 
pre-ozonation reduced the subsequent formation of THMs and HAAs with chlorine 
(Krasner et al., 2006; Hua and Reckhow, 2007; Hu et al., 2010a).  
Research has shown that some of the unregulated N-DBPs (e.g., HNMs) exhibit 
orders of magnitude higher cyto- and geno-toxicity than the regulated C-DBPs (Wilbourn 
et al., 1999; Richardson et al., 2007). Nitrosamines is a group of compounds classified as 
probable human carcinogens in water at concentrations as low as 0.2 ng/L associated with 
a 10
–6
 lifetime cancer risk (USEPA, 1993). Although there are currently no federal 
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regulations for nitrosamines in drinking water in the United States, the Environmental 
Protection Agency (USEPA) has recently identified nitrosamines as one of three potential 
groups of contaminants slated for possible regulatory action in the near future (Roberson, 
2011). USEPA included nitrosodimethylamine (NDMA), N-nitrosopyrrolidine (NPYR), 
N-nitrosodiethylamine (NDEA), N-nitrosomethylethylamine (NMEA), N-nitrosodi-n-
propylamine (NDPA), and N-nitrosodi-n-butylamine (NDBA) in the Unregulated 
Contaminant Monitoring Rule 2 (UCMR 2) (USEPA, 2006), and NDMA, NDEA, 
NDPA, NPYR, and N-nitrosodiphenylamine (NDPhA) in the Contaminant Candidate 
List 3 (CCL 3) (USEPA, 2009). These trends suggest that US water utilities may need to 
comply with both C-DBP and N-DBP regulations simultaneously in the near future. 
Since the use of one or a combination of disinfectants/oxidants will not eliminate the 
formation of DBPs, applying treatment technologies maximizing the removal of DBP 
precursors from water before oxidant addition has been the most commonly explored 
approach for the DBP control. 
Magnetic ion exchange (MIEX
®
) process has been increasingly used in recent 
years for DBP control. It is applied as a pretreatment before oxidant addition to remove 
dissolved organic matter (DOM), thus reducing the formation of DBPs. The smaller 
sizes, higher density, magnetic properties and simple regeneration features of MIEX
®
 
provide higher exchange efficiency and rapid clarification compared to traditional resins 
(Singer and Bilyk, 2002; Fearing et al., 2004; Boyer and Singer, 2005; Mergen et al., 
2008). MIEX
®
 process has been demonstrated to be effective for THM and HAA control 
in the treatment of a wide range of waters (Singer and Bilyk, 2002; Drikas et al., 2003; 
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Fearing et al., 2004; Boyer and Singer, 2005). The removals of UV254 absorbance, 
dissolved organic carbon (DOC), THM and HAA precursors in a pilot study of four 
drinking waters with SUVA254 ranging from 1.2 to 7.7 L/mg*m have been 55-88%, 35-
67%, 38-77%, and 44-74%, respectively (Singer et al., 2007). Research showed improved 
DOC removal and DBP reduction with inclusion of the MIEX
®
 process prior to 
coagulation, and the advantage of MIEX
®
 process was more obvious in treating low 
SUVA waters (Drikas et al., 2003; Boyer and Singer, 2005). Moreover, preferential 
removal of DBP precursors over bulk DOC has been reported with MIEX
®
 (Singer and 
Bilyk, 2002; Drikas et al., 2003). 
While the effectiveness of MIEX
®
 for the removal of C-DBP precursors has been 
well established in many surface waters, our understanding of its effectiveness for 
removing the precursors of the emerging N-DBPs is quite limited. Dissolved organic 
nitrogen in water is linked to N-DBP formation. Although MIEX
®
 was capable of 
removing some DON components (Boyer et al., 2008), our understanding of its 
effectiveness for removing the precursors of different N-DBP precursor compounds is 
very limited. This is mainly due to the weak correlations between DON and different 
classes of N-DBPs (Chen and Westerhoff, 2010). 
The main objective of this study was to examine the removal of NDMA and 
HNM precursors by MIEX
®
 while removing THM and HAA precursors from waters. In 
the first phase, the MIEX
®
 process was evaluated with (i) drinking water (DW), and (ii) 
effluent impacted waters, which were prepared in the laboratory by mixing effluents from 
wastewater treatment plants with the same drinking water at the ratio of 1:1.These 
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sources represent two different types of N-DBP precursors. While natural organic matter 
(NOM) and sometimes algal organic matter are the major components of surface waters, 
wastewater effluents consist of soluble microbial products and the residual NOM 
remaining in water after drinking water treatment. Due to growing water demand and 
drought conditions, some surface water sources are increasingly impacted by the 
upstream wastewater treatment plant discharges. Although several studies have been 
conducted for the MIEX
®
 process on surface waters, its performance on effluent 
impacted waters has not been examined. 
In the second phase, MIEX
®
 was evaluated in an effluent impacted stream water 
from a different source than phase I. A case study on a natural stream impacted by 
WWTP effluent was conducted. I (i) investigated the impact of WWTP effluent on 
downstream water quality, (ii) examined the potential of the MIEX
®
 process for treating 
the effluent impacted stream water and removing DBP precursors, and (iii) evaluated the 












 Process and Its Chemistry 
MIEX
®
 is a novel treatment process designed for the removal of dissolved organic 
matter (DOM) from waters by Orica Watercare, Commonwealth Scientific Industrial 
Research Organization, and South Australian Water Corporation. It combines traditional 
strong anion exchange resins with a special magnetic feature. It has a polyacrylic matrix 
in chloride form, a macroporous structure and quaternary ammonia functional groups. 
The resin particles are 150-180 µm in diameter, which is 2-5 times smaller than 
conventional ion exchange resins (Boyer and Singer, 2005; Mergen et al., 2008). Hence, 
it provides a rapid exchange rate between DOC and exchangeable ions because the 
surface area to volume ratio is high and the resistance of solid-mass transfer is low 
(Singer and Bilyk, 2002; Fearing et al., 2004). The high content of magnetic iron oxide 
compound incorporated into the resin enables rapid agglomeration and setting of the resin 
particles (Singer and Bilyk, 2002; Fearing et al., 2004; Mergen et al., 2008).  
The mechanism of DOM removal by MIEX
®
 involves the exchange of an anion 
in the aqueous phase and a chloride ion attached to the resin surface (Figure 2.1). In the 
pH range of natural waters, the negatively charged carboxylic groups in DOM facilitate 
removal as they are attached to the active sites (Neale and Schäfer, 2009). However, 
inorganic anions in waters such as bromide, nitrate, and sulfate can compete with DOM 
for exchange active sites, thus affecting the efficiency of DOM removal (Johnson and 










 Unit in Drinking Water Treatment Plant 
In practice, MIEX
®
 is applied in mixed or fluidized bed reactors with a typical 
detention time of 10 ~ 30 minutes and concentration of 0.5 ~ 1.0% v/v depending on 
water characteristics (Boyer and Singer, 2005; Kitis et al., 2007). The uniformly mixed 
conditions, along with fast MIEX
®
 exchange kinetics, significantly increase the exchange 
rate between DOM and chloride. After the contact period in a mixed reactor, resin in the 
water passes through a separator where the magnetic beads agglomerate and form rapidly 
settling flocs in a settler, and the effluent overflows to the next treatment process. There 
are two types of configurations in which the MIEX
®
 resin can be applied: the high rate 
configuration and the dual stage configuration (Figure 2.2 Figure 2.3). Mixing and resin 
separation are achieved in one reactor vessel in high rate configuration, whereas dual 




Figure 2.2 High rate MIEX
®
 process flow diagram (Orica-Watercare, 2012b). 
 
 
Figure 2.3 Dual stage MIEX
®




In both reactor configurations, most of the settled resin is pumped back to the 
beginning of the process with a small volume of resin continuously being removed for 
regeneration to maintain the exchange capacity at a constant level. During regeneration, 
the used resin is in contact with a highly concentrated brine (typically NaCl) solution, 
where DOC attached to active sites is replaced by chloride. After this process, the 
regenerated resin is returned to the contactor along with the makeup resin for any loss in 
treatment, meanwhile the waste stream containing highly concentrated DOC and brine 
needs to be disposed appropriately (Singer and Bilyk, 2002). 
MIEX
®
 treatment process is able to remove DOM from water; however, it cannot 
treat for turbidity. Therefore, coagulation and sedimentation or filtration processes are 
still required after MIEX
®
 treatment to remove any turbidity and carryover of resin 
particles in the water (Mergen et al., 2008). However, the use of MIEX
®
 and removal of 
DOM before coagulation reduce the coagulant dose and sludge production. 
The first two operating MIEX
®
 installations in the United States are located at the 
Village of Palm Springs, Florida. These systems commissioned in early 2005 are 
providing water to a community of around 50,000 people (Orica-Watercare, 2005). Over 
the last six years, the MIEX
®
 process has been gaining increased recognition. Only in 
2010, ten new MIEX
®
 facilities were in construction in North America including 
Alabama, North Carolina, Florida, Georgia, South Dakota, Washington, Alaska, and 
Saskatchewan in Canada (Orica-Watercare, 2009). The capacities of these water 





 Process in Drinking Water Treatment 
Removal of Bulk Organic Matter  
Treatment of raw drinking water with MIEX
®
 has been evaluated in bench-scale 
and pilot tests for a wide range of waters. The MIEX
®
 treatment process has been shown 
to be very effective in removal of NOM and UV-absorbing substances. For instance, an 
Australian study found that the maximum DOC removal achieved by MIEX
®
 process was 
approximately 65% and 80% for two reservoir waters with low SUVA and high SUVA, 
respectively, and that MIEX
®
 removed a significantly higher amount of DOC than 
coagulation with or without pH adjustment (Drikas et al., 2003). In another study, Singer 
and Bilyk (2002) compared the effectiveness of MIEX
®
 treatment to enhanced 
coagulation in nine surface waters, each representing a different element of the 3x3 
enhanced coagulation matrix of the USEPA. Enhanced coagulation is a process of 
obtaining improved removal of TOC and DBP precursors by conventional treatment. 
MIEX
®
 pretreatment combined with alum-coagulation achieved 53-94% and 46-87% 
removal for UV-absorbing materials and DOC, respectively, which are 16-52% and 23-
47% greater than coagulation alone. Enhanced coagulation is much less efficient in 
treating low SUVA waters compared to high SUVA waters, whereas MIEX
®
 process has 
been reliable for water with varying SUVAs.  
The MIEX
®
 process has also proved to be effective for NOM with different 
characteristics. It was able to remove the hydrophobic fraction as well as hydrophilic and 
transphilic fractions of NOM from water. Boyer and Singer (2005) showed that for a 
given dose of MIEX
®
, a similar percent removal of DOC of all three types of  NOM 
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fractions werobserved for the waters investigated. In addition, MIEX
®
 was also able to 
remove organic matter with a wide range of molecular weight. For instance, Boyer and 
Singer (Boyer and Singer, 2005) observed removal efficiency of approximately 80% of 
DOC in the fraction with apparent molecular weights between 1000 to 10,000 Dalton 
(Da), and almost 60% of DOC associated with the fraction < 1000 Da which was not 
treatable by coagulation. It was also observed by Drikas et al., (Drikas et al., 2003) that 
MIEX
®
 removed organic compounds smaller than 2000 Da.  
Removal of C-DBP Formation Potential 
As the MIEX
®
 process removes NOM, it lowers C-DBP precursors of the water 
(Drikas et al., 2003; Fearing et al., 2004; Boyer and Singer, 2005). In a study conducted 
by Singer and Bilyk (Singer and Bilyk, 2002), MIEX
®
 combined with coagulation 
reduced THM formation significantly by up to 60 - 90% in waters. It is effective even for 
waters with low TOC and UV absorbing materials, where traditional coagulation does not 
work effectively. It was also shown that the majority of the removal of THM precursors 
was attributed to MIEX
®
, and that only a small amount of removal was achieved by the 
subsequent coagulation. In addition, the MIEX
®
 treatment was found to remove greater 
amounts of HAA precursors than THM precursors, and the efficiency was less likely to 
be influenced by the nature of NOM (Boyer and Singer, 2005).  
Removal of Bromide 
An added benefit of incorporating MIEX
®
 into the treatment process is that it 
removes bromide from water (Drikas et al., 2003; Boyer and Singer, 2005). The removal 
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efficiency depends on several factors such as the MIEX
®
 dose and contact time, bromide 
concentration, anionic strength, and alkalinity of the water (Johnson and Singer, 2004). 
Increased MIEX
®
 dose and longer contact time tend to improve the removal efficiency. 
Less bromide is removed from waters with high ionic strength, because ionic species 
such as carbonate, bicarbonate, nitrate and sulfate compete with bromide and DOM for 
the active sites on resin. For example, Boyer and Singer (Boyer and Singer, 2005) found 
that MIEX
®
 treatment reduced bromide concentration by about 45% for water with low 
alkalinity and less than 100 ppm bromide background, whereas the efficiency dropped to 
15% for waters with more than 200 ppm bromide background and moderate to high 
alkalinities.  
Reducing bromide concentration before disinfection will suppress the formation 
of brominated DBP species and, consequently lower the total amount of  DBPs formed 
(Drikas et al., 2003). Researchers have reported decreases of bromine incorporation for 
both THM and HAA after MIEX
®
 treatment, which means the ratio of brominated 
species to overall DBPs decreases (Drikas et al., 2003). In addition, as brominated DBPs 
have more severe health effects than chlorinated DBPs, lowering their concentration can 
reduce health risks (Westerhoff et al., 2004).  
DBP Formation from WWTP Effluent Impacted Surface Water 
A number of cities depend on surface water that receives substantial wastewater 
effluent discharges, such as Philadelphia, Cincinnati and New Orleans drawing water 
from Delaware, Ohio and Mississippi Rivers, respectively (USEPA, 1992). With 
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increasing water demand and drought, the unplanned indirect portable reuse of treated 
wastewater is widespread. In 1980, the USEPA published a study (Swayne et at., 1980) 
targeting over 62 million people utilizing surface water in the United States. About 15 
million of them are served by surface water containing at least 10 percent treated 
wastewater at low flow conditions and 4 million people use municipal supplies that 
contain 100 percent treated wastewater during low flow conditions (Swayne et at., 1980).  
The treated wastewater effluent discharges may alter the water quality at 
downstream locations (Brooks et al., 2006). These effluents typically contain high ionic 
strength, residual natural organic matter (NOM) from drinking waters, effluent organic 
matter (EFOM) from biological wastewater treatment processes, and sometimes harmful 
trace chemicals (Shon et al., 2006; Kranser et al., 2008). The EFOM has distinct 
characteristics as compared to NOM. It consists of 60 to 80% hydrophilic organic matter 
(Quaranta et al., 2012), has lower SUVA254 values (Kranser et al., 2008), and the 
hydrophobic and transphilic components of EFOM share similar characteristics with 
NOM derived from microbial sources (Quaranta et al., 2012). Additionally, the fraction 
of DON is much higher in EFOM than NOM (Krasner et al., 2008).  
One major concern for the communities exploiting effluent impacted surface 
water is that these organic matter originating from effluent are also sources of 
disinfection byproducts. Several studies (Pehlivanoglu-Mantas and Sedlak, 2006; 
Schreiber and Mitch, 2006;  Kranser et al., 2008) have reported an increase in FP of 
various DBP classes at downstream location of WWTP discharges. Krasner et al. (2008) 
studied DBP FPs along the South Platte River in the Denver (Colo.) Metropolitan region, 
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where several DWTPs and WWTPs are located at. Upstream of the WWTPs, THM FPs 
were 105-193 µg/L, HAA FPs were 112-190 µg/L, HNM FPs were 0.6 to <1.3 µg/L, and 
NDMA FPs were 11-26 ng/L during the three sampling events.  The levels in the river 
increases downstream of the WWTPs where 37-59 percent river flow was due to treated 
wastewater), up to 282-309 µg/L THM FP, 277-372 µg/L HAA FP, 3-11 µg/L HNM FP, 
and 449-846 ng/L NDMA FP. Albeit at a lower level, the extent of increase in 
NDMA/HNM FP was orders of magnitude higher than the increase in THM/HAA FP at 
the South Platte River. This is attributable to the high level of DON in treated water 
which can be a significant source of nitrogenous DBP precursors (Krasner et al., 2008). 
Such appreciable increase of NDMA FP in surface water due to the input of treated 
wastewater has also been reported in Quinnipiac River and Santa Ana River 





3 CHAPTER THREE 
 
RESEARCH OBJECTIVES AND APPROACHES 
The main objective of this research was to examine the potential of MIEX
®
 to 
remove N-DBP precursors while minimizing C-DBP precursors in water treatment. This 
is especially important considering the potential regulation of N-DBPs in drinking water 
and increasing popularity of MIEX
®
 process in the water treatment industry. Specifically, 
this research project will focus on the following two sub-objectives: 
Objective (1): investigate the effectiveness of the MIEX
®
 process to remove 
precursors of both C-DBPs and N-DBPs in surface water and laboratory-prepared 
effluent impacted water.  
Approach: Water samples were obtained from six different sources: three samples 
were collected from the inlets of drinking water treatment plants (DWTPs), and three 
treated effluents were obtained from three municipal wastewater treatment plants 
(WWTPs) prior to disinfection process. The effluent impacted source waters samples 
were prepared in the laboratory by mixing treated effluents with the same drinking water 
(Figure 3.1) at the ratio of 1:1. 
First, kinetic experiments were conducted to determine the optimal MIEX
®
 dose 
and mixing time. Based on the results, a 600 bed volume (BV: treated water volume/resin 
dose) of each sample was treated in consecutive jar tests. FP tests were conducted for 
regulated THMs, HAAs and selected N-DBPs (nitrosamines, and HNMs) before and after 
MIEX
®
 treatment under favorable disinfection conditions. The removal efficiencies were 
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compared by measuring UV absorbance, DOC, and DBP FP. Experimental approach for 
each raw water sample is shown in Figure 3.2. 
 
Figure 3.1 Experimental matrix for objective 1. 
 
Figure 3.2 Experimental approach for raw water sample. 




Approach: A case study on a natural stream impacted by WWTP effluent was 
conducted. First, the impact of WWTP effluent on downstream water quality was 
investigated. The tracer anion bromide was used to estimate the effluent contribution 
MIEX® Process  
Drinking Water (DW):  
Raw water from DWTPs 
Effluent Impacted Water (EFOM):  




Raw Vs. Treated: 
UV 254, DOC, Anions 
C-DBP FP: THMs, HAAs 
N-DBP FP: HNMs, Nitrosamines 
 
 
Batch treatment of 






towards the downstream of the discharge. Samples were collected from the upstream of 
discharge, discharge, and downstream locations in the creek. Changes in basic water 
quality parameters (e.g., DOC, UV254, anions) and DBP FP levels (e.g., THMs, HAAs, 
NDMA, HNMs) along the stream were quantified.  
Second, the potential of the MIEX
®
 process for treating effluent impacted water 
and DBP precursors was examined. The MIEX
®
 treatment was applied to the upstream, 
discharge and downstream water samples simultaneously. A similar approach as shown 
in Figure 3.2 was utilized.  
Third, since FP test does not provide the DBP occurrence information under the 
typical treatment conditions, we tested the DBP levels under selected practical 
disinfection scenarios after MIEX
®
 treatment. A new batch of water samples was 
collected from upstream, and downstream of the discharge. Uniform formation condition 
(UFC) tests were applied to both upstream water and downstream water treated by 
MIEX
®
 to determine the DBP levels under practical disinfection conditions. Three 
different post disinfection strategies at a DWTP were simulated by using (i) chlorination; 
(ii) prechlorination for 40 min followed by ammonia addition to form chloramine; and 
(iii) preformed chloramine which mimics the in-situ chloramine formation by adding 
chlorine and ammonia at the same location. The experimental approach for the UFC tests 




































1 mg/L of Cl2 residual after 24 hr contact 
time 
Chloramine 
Apply prechlorination for 100 mg*min/L 
Add ammonia at 4:1  Cl2: N ratio 
2 mg/L of NH2Cl residual after 24 hr contact 
time 
Preformed Chloramine 




4 CHAPTER FOUR 
 
SIMULTANEOUS REMOVAL OF C-DBPS AND N-DBPS FROM MIEX TREATED 




Disinfection byproducts (DBPs) are formed as a result of reactions between 
organic matter in natural waters and oxidants used during drinking water treatment. To 
meet the stringent Stage 2 Disinfectants and Disinfection Byproduct (D/DBP) rule, 
several water utilities in the United States (U.S) have been switching from chlorine to 
alternative disinfectants to lower the concentrations of regulated carbonaceous DBPs (C-
DBPs: trihalomethanes (THMs) and haloacetic acids (HAAs)) in distribution systems. 
Although alternative disinfectants such as chloramine and ozone significantly reduce the 
formation of regulated THMs and HAAs, formation of some nitrogenous DBPs (N-
DBPs) at higher levels than found with disinfection by chlorination have been reported. 
Chloramination increases the concentration of nitrosamines, while minimizing the 
formation of regulated C-DBPs (Mitch et al., 2003; Chen and Valentine, 2006; Hua and 
Reckhow, 2007; Nawrocki and Andrzejewski, 2011). Higher concentrations of 
halonitromethanes (HNMs) have been observed during ozonation-chlorination, whereas 
pre-ozonation reduced the subsequent formation of THMs and HAAs with chlorine 
(Krasner et al., 2006; Hua and Reckhow, 2007; Hu et al., 2010a).  
Research has shown that some of the unregulated N-DBPs (e.g., HNMs) exhibit 
orders of magnitude higher cyto- and geno-toxicity than the regulated C-DBPs (Wilbourn 
et al., 1999; Richardson et al., 2007). Nitrosamines is a group of compounds classified as 
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probable human carcinogens in water at concentrations as low as 0.2 ng/L associated with 
a 10
–6
 lifetime cancer risk (USEPA, 1993). Although there are currently no federal 
regulations for nitrosamines in drinking water in the United States, the Environmental 
Protection Agency (USEPA) has recently identified nitrosamines as one of three potential 
groups of contaminants slated for possible regulatory action in the near future (Roberson, 
2011). USEPA included nitrosodimethylamine (NDMA), N-nitrosopyrrolidine (NPYR), 
N-nitrosodiethylamine (NDEA), N-nitrosomethylethylamine (NMEA), N-nitrosodi-n-
propylamine (NDPA), and N-nitrosodi-n-butylamine (NDBA) in the Unregulated 
Contaminant Monitoring Rule 2 (UCMR 2) (USEPA, 2006), and NDMA, NDEA, 
NDPA, NPYR, and N-nitrosodiphenylamine (NDPhA) in the Contaminant Candidate 
List 3 (CCL 3) (USEPA, 2009). These trends suggest that US water utilities may need to 
comply with both C-DBP and N-DBP regulations simultaneously in the near future. 
Since the use of one or a combination of disinfectants/oxidants will not eliminate the 
formation of DBPs, applying treatment technologies maximizing the removal of DBP 
precursors from water before oxidant addition has been the most commonly explored 
approach for DBP control. 
The magnetic ion exchange (MIEX
®
) process has been increasingly used in recent 
years for DBP control. It is applied as a pretreatment before oxidant addition to remove 
dissolved organic matter, thus reducing the formation of DBPs. The smaller particle 
sizes, higher density, magnetic properties and simple regeneration features of MIEX
®
 
provide higher exchange efficiency and rapid clarification compared to traditional resins 





 process has been demonstrated to be effective for THM and HAA 
control in the treatment of a wide range of waters (Singer and Bilyk, 2002; Drikas et al., 
2003; Fearing et al., 2004; Boyer and Singer, 2005). Removal of UV254 absorbance, 
dissolved organic carbon (DOC), THM and HAA precursors in a pilot study of four 
drinking waters with SUVA254 ranging from 1.2 to 7.7 L/mg*m have been 55-88%, 35-
67%, 38-77%, and 44-74%, respectively (Singer et al., 2007). Research showed improved 
DOC removal and DBP reduction with inclusion of the MIEX
®
 process prior to 
coagulation, and the advantage of MIEX
®
 process was more obvious in treating low 
SUVA waters (Drikas et al., 2003; Boyer and Singer, 2005). Moreover, preferential 
removal of DBP precursors over bulk DOC has been reported with the MIEX
®
 (Singer 
and Bilyk, 2002; Drikas et al., 2003). 
While the effectiveness of MIEX
®
 for the removal of C-DBP precursors has been 
well established in many surface waters, understanding of its effectiveness for removing 
the precursors of the emerging N-DBPs is quite limited. Dissolved organic nitrogen in 
water is linked to N-DBP formation. Although MIEX
®
 was capable of removing some 
DON components (Boyer et al., 2008), understanding of its effectiveness for removing 
the precursors of different N-DBP compounds is very limited. This is mainly due to the 
weak correlations between DON and different classes of N-DBPs (Chen and Westerhoff, 
2010).  
The main objective of this study was to examine the removal of NDMA and 
HNM precursors by MIEX
®
 while removing THM and HAA precursors from waters. The 
MIEX
®
 process was evaluated in (i) drinking waters (DW), and (ii) effluent impacted 
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waters (EFOM). These sources represent two different types of N-DBP precursors. While 
natural organic matter (NOM) and sometimes algal organic matter are the major 
components of surface waters, wastewater effluents consist of soluble microbial products 
and the residual NOM remaining in water after drinking water treatment. Due to growing 
water demand and drought conditions, some surface water sources are increasingly 
impacted by the upstream wastewater treatment plant discharges. Although several 
studies have been conducted for the MIEX
®
 process on surface waters (Mergen et al., 
2008; Singer et al., 2009; Drikas et al., 2011), its performance on effluent impacted 
waters has not been examined. 
Materials and Methods 
Water Samples 
In this study, water samples were obtained from six different sources: three 
samples were collected from the inlets of drinking water treatment plants (DWTPs), and 
three treated effluents were obtained from three municipal wastewater treatment plants 
(WWTPs) prior to the disinfection process. All samples were immediately filtered 
through 0.2 µm membrane filters upon arrival at the laboratory, and they were 
characterized for DOC, UV254 absorbance, dissolved nitrogen (DN), pH, ammonia, 
nitrate, nitrite, and sulfate. Samples were kept at 4 °C in the dark until use. The EFOM 
samples were prepared in the laboratory by mixing treated effluents with the same 





 Treatment  
MIEX
®
 resin was obtained from Orica Watercare. Before an experiment, the resin 
was placed in a fluidized bed column and rinsed with 600 volumes of distilled and 
deionized water (DDI) for cleaning. For selected water samples, kinetic experiments were 
initially conducted to determine the optimal MIEX
®
 dose and contact time. A range of 
resin doses were tested based on the DOC concentration of the raw water. One liter of 
raw water was mixed with MIEX
®
 for 30 minutes at 100 rpm in a Phipps & Bird jar, and 
then allowed to settle for 30 minutes. Samples were withdrawn from the jars at 5, 10, 20, 
30 and 60 minutes, and filtered through pre-rinsed 0.45 µm membrane filter for UV254 
and DOC analysis. Removal of DOC and UV absorbance were plotted versus contact 
time for each MIEX
®
 dose. Given that the majority of removal occurred in the first 20 
min for both drinking waters and effluent impacted waters, 30 min was selected for 
contact time. The lowest resin dose that achieved the highest removal during the 30 min 
contact time was determined to be the optimum dose, which ranged from 8 to 12 mL/L.  
Using the optimum treatment conditions determined from the kinetics 
experiments, a 600 bed volume (BV: treated water volume/resin dose) of each sample 
was treated in consecutive jar tests. The selected MIEX
®
 dose was added in 1 L of water 
in a jar, mixed at 100 rpm for 30 min., and then settled for 30 min. (e.g. for a MIEX
®
 
dose of 10ml/L, the treatment of 1 L of sample achieved a loading of 100 BV). After the 
first jar test, the supernatant was carefully transferred to a container, while the used 
MIEX
®
 resin remained in the jar. Successive jar tests were conducted each time to treat 1 
L water sample with the used resin until a loading of 600 BV was achieved. All treated 
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waters from individual jar tests were combined to create a composite sample, and 
pressure filtered through a 0.45 µm pre-washed membrane filter to remove any carried 
over resin particles. Unless specified otherwise, the 600 BV of composite sample will be 
referred to as MIEX
®
 treated sample. The MIEX
®
 treated water for each sample was used 
in the DBP formation potential to be described in the next section. 
Ion Exchange Resins 
Two other traditional Type I strong anion exchange resins other than MIEX
®
 were 
used in this work: Amberlite IRA 900 and Amberlite IRA 958 from Sigma Aldrich
®
. All 
resins had a macroporous structure, Type I (-N
+
(CH3)3) quaternary ammonium function 
groups, and were used in chloride form. IRA 958 and MIEX
® 
had polyacylic matrix, 
while IRA 900 had polystyrene matrix. The exchange capacity of MIEX
®
, IRA 958, and 
IRA 900 by wetted volume was 0.52, 0.8, and 1.0 meq/mL, respectively, based on 
manufacturer’s data. 
DBP Formation Potential Tests 
FP tests were used to determine the DBP precursor levels in a sample under the 
favorable disinfection conditions and an excess amount of disinfectant for each DBP 
group: (1) THMs and HAAs under chlorination, (2) HNMs under ozonation followed by 
chlorination, and (3) nitrosamines under chloramination. Chlorine stock solutions (500-
2000 mg/L) were prepared by diluting sodium hypochlorite (5% available free chlorine). 
Preformed monochloramine stock solutions (1000 mg/L) were generated by mixing 
sodium hypochlorite in an ammonium sulfate solution at Cl2/N mass ratio of 3.5:1 at pH 
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9. Chlorine and monochloramine stock solution concentrations were measured using 
Standard Method 4500-Cl F. The ozone stock (28-32 mg/L) was produced using a GTC-
1B Griffin Ozone Generator fed with ultra-high purity oxygen gas. The Indigo Method 
using HACH’s AccuVac Ampuls was used to verify ozone concentration before dosing.  
Samples were buffered at pH 8 with 4 mM sodium bicarbonate before 
disinfection. During chlorination, the dosage was determined using the formula 
developed by Krasner et al. (Krasner et al., 2004):                      
on a weight basis. During ozonation, ozone dose was equal to DOC of the samples, while 
during chloramination, 100 mg/L of preformed chloramine was dosed in each sample. All 
the FP bottles were filled completely and capped headspace free with PTFE-lined caps, 
and incubated for seven days at 20±2°C in dark. It was confirmed that all the bottles had 
disinfectant residuals after seven days contact time. 
Analytical Methods 
DOC and DN were measured using a Shimazu TOC-VCHS high temperature 
combustion analyzer equipped with TNM-1 module. UV absorbance at 254 nm (UV254) 
was determined using a 1 cm quartz cell on a Cary 300 UV-Vis spectrophotometer. 
Specific UV absorbance (SUVA254) was calculated by dividing DOC concentration by 
the UV254. Anions were determined using a Dionex ICS 2100 ion chromatograph and 
following the USEPA Method 300.1. Ammonia concentrations were determined using 







 from DN. For every type of water sample, a set of 
soluble dissolved metals (Al, As, B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, 
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Se, Zn) were analyzed by Clemson University Agriculture Service Laboratory on an 
inductively coupled plasma (ICP) atomic emission spectroscopy instrument. 
All the DBP measurements were carried out in duplicate. Four THM and nine 
HNM species were extracted following USEPA Method 551.1with some modifications 
and HAAs were extracted following derivatization with diazomethane (Standard Methods 
6251B). The extracts were analyzed using a gas chromatograph with an electron capture 
detector (GC/ECD). The details of the analytical methods were previously reported 
elsewhere (Hong et al., 2009; Hu et al., 2010b). NDMA and six nitrosamine species N-
nitrosomethylethylamine (NMEA), N-nitrosodiethylamine (NDEA), N-nitrosodi-n-
propylamine (NDPA), N-nitrosodi-n-butylamine (NDBA), N-nitrosopyrollidine (NPYR), 
and N-nitrosopiperidine (NPIP) were determined through solid phase extraction 
following EPA method 521. A 500 mL of aqueous sample was first quenched with 
sodium thiosulfate, and spiked in 10 µg of NDMA-d6 as a surrogate standard. The solid 
phase extraction of water samples was conducted using cartridges containing 2 g of 
coconut activated carbon purchased from UCT. The cartridges were initially rinsed with 
6 mL dichloromethane (DCM) to remove impurity, and then conditioned with 15 mL 
each of methanol and DDI. A 500 mL aliquot of sample was vacuum filtered through the 
cartridge at a rate of 10 mL/min. The analytes that absorbed on the cartridge were eluted 
with 12 mL of DCM, and then concentrated to 0.5-0.9 mL using a gentle stream of ultra-
pure nitrogen gas. Finally, the extract was transferred to a 1 mL volumetric flask, spiked 
in 10 µg of NDPA-d14 as internal standard, and filled with DCM to 1mL. The extracts 
were analyzed using a Varian GC/MS/MS with methanol as the chemical ionization gas. 
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The minimum reporting levels (MRLs) of the nitrosamine species were 2 ng/L, while the 
MRLs for THMs and HAAs, and HNMs were 1, 1, and 0.7 ng/L, respectively. 
Results and Discussion 
Water Characteristics 
The selected characteristics of raw drinking water and effluent impacted water 
samples used in MIEX
®
 treatment are summarized in Table 4.1. For raw waters, the DOC 
concentration ranged from 2.3 to 7.7 mg/L, the UV254 absorbance from 0.049 to 0.290 
cm
-1
, and the SUVA254 values from 1.9 to 3.8 L/mg-m. All the samples had pH values 




 and DON concentrations combined with low SUVA254 value 
distinguished effluent impacted waters from drinking waters. The nitrate concentration 
was driven from the nitrification process of municipal biological wastewater treatment 
processes. Since the WWTP sampled for this project generally have good nitrification 
capabilities, the ammonia and nitrite concentrations were in trace levels (data not shown). 
The SUVA254 is defined as the ratio of UV254 to DOC and has a strong correlation with 
aromatic carbon components of organic matter in water (Karanfil et al., 2002). The 
EFOM samples had low SUVA254 values, which was in agreement with the treated 
wastewater consisting of hydrophilic and non-aromatic organic matter/soluble microbial 
products (Kranser et al., 2008). 
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Table 4.1 Selected water quality characteristics, and THMs, HAAs, HNMs and Nitrosamines FPs of surface waters and 
effluent impacted waters 
Sample Treatment 
DOC UV254 SUVA254 NO3
-




 THMs HAAs HNMs Nitrosamines 
(mg/L) (1/cm) (L/mg-m) (mg-N/L) (mg-N/L) (µg /L) (mg/L) (µg/L) (µg/L) (µg/L) (ng/L) 
EFIW 
1 
Raw 3.8 0.071 1.9 12.6 2.0 38 21.6 209  232 44 329 
10 ml/L 
MIEX 
2.1 0.035 1.6 9.1 1.3 N/A 2.7 128  134 37 388 
EFIW 
2 
Raw 3.2 0.065 2.0 5.9 1.1 24 12.8 196  189 30 201 
10 ml/L 
MIEX 
1.6 0.016 1.0 2.7 0.3 18 0.2 80 67 27 318 
EFIW 
3 
Raw 3.3 0.077 2.4 5.1 0.6 65 9.4 269 293 47 265 
10 ml/L 
MIEX 
1.4 0.011 0.7 2.3 0.4 N/A 0.2 101 111 32 358 
DW 1 
Raw 2.3 0.049 2.2 N/A N/A 14 1.5 158 134 15 29 
8mL/L 
MIEX 
0.9 0.010 1.1 N/A N/A 
< 
MRL 
< MRL 51 47 13 38 
DW 2 
Raw 3.9 0.129 3.3 0.1 0.2 150 10.0 377 358 10 25 
10mL/L 
MIEX 
1.0 0.011 1.1 < MRL 0.1 58 0.1 76 70 9 29 
DW 3 
Raw 7.7 0.290 3.8 0.2 0.3 59 11.6 762 698 16 30 
12mL/L 
MIEX 
1.4 0.017 1.2 < MRL 0.1 25 0.2 104 89 11 38 
1. THMs, HAAs, and HNMs are the mean of two measurements. Nitrosamines are reported as mean of four measurements.  
2. MRL: Minimum Reporting Levels. N/A: Not Available.  
3. Each EFIW (1, 2, and 3) sample was prepared in the laboratory by mixing treated effluents from three WWTPs (1, 2, and 3) with the 
same raw drinking water (i.e., DW 1) at the ratio of 1:1 (e.g., EFIW 1 was created by mixing WWTP 1 effluent with DW 1). 




Removal of DOC, DON, and UV254 
Figure 4.1 illustrates the removal of DOC, DON, UV254, and SUVA254 during the 
MIEX
®
 treatment. A substantial amount of DOC (44 to 80%) was removed in all waters, 
and the extent of DOC reduction increased with the SUVA254 values of the samples. The 
drinking water samples exhibited a greater DOC reduction than the effluent impacted 
waters. The decrease in UV254 absorbance followed a similar trend as that of DOC, but 7 
to 30% higher reduction was observed in the absorbance than DOC. Since MIEX
®
 
showed a higher affinity to UV254 absorbing substances in the DOC, the SUVA254 values 
(0.7-1.6 L/mg-m) of MIEX
®
 treated waters were markedly lower than the SUVA254 
values of raw water samples (1.9-3.8 L/mg-m) (Table 4.1). 
On the other hand, the removal of the dissolved organic nitrogen fraction (37 to 
71%) was less than the DOC. (The DON result was not available for DW1, because the 
nitrogen level approached the detection limit in the sample.) For most samples, the DON 
removal efficiency was less than that of DOC. This agrees with previous observations 
that MIEX
®
 was capable of removing only some of the DON fractions, and that it has 
lower affinity for DON relative to DOC (Boyer et al., 2008). Unlike DOC or UV, the 




Figure 4.1 The effect of MIEX
®
 treatment on DOC, DON, UV254 and SUVA254.
1
 
The relatively lower DOC removal in EFOM impacted waters was mainly due to 
the nature of the DOC rather than the competing inorganic anions. Previous research 
focusing on drinking water applications has demonstrated that the MIEX
®
 process 
preferentially removes hydrophobic over hydrophilic fractions (Fearing et al., 2004; 
Singer et al., 2007), and its effectiveness tends to be greater in waters with higher SUVA 
values >3 L/mg-m (Boyer and Singer, 2005). Given the lower SUVA254 values of EFOM 
waters, EFOM components exhibited less affinity towards the MIEX
®
 as compared to the 
higher SUVA254 drinking water samples.  
Several studies (Kim and Symons, 1991; Boyer and Singer, 2006) suggested that 
inorganic anions, especially divalent SO4
2-
 compete with negatively charged organic 
                                                 
1
 The removal of DON was not available for DW1, because the nitrogen level approached the 
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compounds for the ion exchange sites, thus decreasing the removal of DOC. 
Nevertheless, this was not likely the major reason for lower DOC removals in the effluent 
impacted waters in this study. EFOM 2 & 3 samples and DW 2 & 3 samples had similar 
SO4
2-
 concentrations (~10 mg/L) in the raw waters (Table 4.1), and exhibited similar 
SO4
2- 
removals (~98%) during MIEX
®
 treatment, while the two drinking water samples 
showed higher DOC reduction compared the EFOM impacted waters.  
Removal of THM and HAA FPs 
Figure 4.2 a&b displays the THM and HAA FPs before and after MIEX
®
 
treatment of six waters. The MIEX
®
 process removed substantial amounts of C-DBP FPs 
in all waters. The reduction (in mass concentrations) was in the range of 39-86% (81-658 
µg/L) for THM FPs, and 42-87% (98-609 µg/L) for HAA FPs (Figure 4.3). The decrease 
in THM and HAA FPs followed the trends of DOC reduction in the samples, with the 
highest removal in DW3 and the least in EFOM 1.  
The THMFP/DOC and HAAFP/DOC in raw and MIEX
®
 treated waters are 
illustrated in Figure 4.4, where the solid line in the graph represents the 1:1 line, which 
means that DBP FP/DOC remains the same after MIEX
®
 treatment. The squares (for 
HAAs) and diamonds (for THMs) falling under the 1:1 line indicate that the THM and 
HAA yields over DOC decreased after the MIEX
®
 treatment. This is because MIEX
®
 has 
great affinity to remove the UV absorbing components of DOC that contribute mostly to 
the formation of THMs and HAAs. As a result, a greater percentage of THM and HAA 
precursors than DOC were removed by the MIEX
®
 process, which agrees with the 







Figure 4.2 DBP FP of raw and MIEX
®
 treated water (a) THM4, (b) HAA9, (c) HNM9, 
and (d) nitrosamines. For each water the left bar = DBP FP in raw water, and the 
right bar = DBP FP in MIEX
®
 treated water. All DBP FPs reported as mean ± 

































































































































Figure 4.3 Effect of MIEX
®
 treatment on DOC (●), DON (▲), UV absorbance (×) 
and DBP FPs. 
  
Figure 4.4 DBP FPs normalized against dissolved organic carbon in raw and 
MIEX
®

































































Removal of HNM FP 
The results of HNM FP were shown in Figure 4.2 c. The decrease in total HNM 
FP due to MIEX
®
 treatment ranged from 1-16 µg/L, corresponding to 9-33% reduction. 
The MIEX
®
 process showed a very different effect on HNM FP as compared to THM 
and HAA FPs. First, the MIEX
®
 treatment was less efficient in removing HNM FPs. 
Reduction of THM and HAA FPs in mass concentration ranged from two to seven times 
the reduction in HNM FPs for six waters. Second, the HNM yield over DOC increased 
after MIEX
®
 treatment in all waters (Figure 4.4), indicating that non HNM precursors 
were removed in the DOC pool by MIEX
®
. Third, there was no obvious trend between 
HNM reduction and either DON or DOC, and the reduction of HNM FP was lower than 
DON reduction (Figure 4.3). The distinct difference in treatability of HNM and 
THMs/HAAs by MIEX
®
 indicates that their major precursors are very different. 
Although some negatively charged DON fractions were removed during the anion 
exchange process, most HNM precursors appear to consist of positively charged or 
neutral nitrogenous organic compounds. 
Removal of NDMA FP 
Effect of MIEX
®
 on Six Water Samples 
Four nitrosamine species including NDMA, NDEA, NPIP, and NDBA were 
observed in tested waters (Figure 4.2 d). NDMA was the dominant species; contributing 
~40% to ~80% of the overall nitrosamine formation in drinking waters and effluent 
impacted waters, respectively. Effluent impacted waters had high NDMA FP levels 
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ranging from 156 to 287 ng/L, which was in agreement with their high DON 
concentrations. On the other hand, relatively low levels (~10 ng/L) of NDMA FP were 
detected in drinking waters sources.  
Results indicated that NDMA FP increased upon exposure of MIEX
®
 resins to the 
waters (Figure 4.2 & Table 4.2). The average increase in the drinking waters was 5 ng/L, 
whereas the effluent impacted waters exhibited a more significant increase ranging from 
57 to 110 ng/L. Furthermore, the extent of the increase in NDMA FP varied among the 
three effluent impacted waters. In terms of other nitrosamine species, no significant 
increase or decrease was observed after MIEX
®
 treatment.  
Table 4.2 Effect of MIEX
®
 on NDMA FP. All NDMA FPs reported as mean ± 
standard deviation (n=4) 
Sample 
NDMA FP (ng/L) MIEX/Raw 
Raw MIEX MIEX-Raw (%) 
EFIW 1 287 ± 16.5 344 ± 16.3 57  120% 
EFIW 2 156 ± 9.6  266 +16.3 110 171% 
EFIW 3 225 ± 13.7 311 + 35  86 138% 
DW 1 11 ± 0.4 14 ± 0.5 4 135% 
DW 2 10 ± 0.3 16 ± 2.0 6 165% 
DW 3 12 ± 1.35 18 ± 1.68 6 147% 
 
NDMA FP can increase in waters exposed to strong anion exchange resins 
(Kimoto et al., 1980; Najm and Trussell, 2001; Kemper et al., 2009; Knight et al., 2010 ). 
Studies have been conducted with typical Type I strong anion exchange resins, which has 
the same types of functional groups as MIEX, in groundwater matrix without oxidant. An 
increase of NDMA FP in the range from ~10 to several hundred ng/L was reported (Najm 
and Trussell, 2001; Kemper et al., 2009). The variance was mainly attributed to 
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differences among resins, and conditions in the on exchange process. In terms of MIEX
®
, 
an Australian study tested NDMA FP under chlorination of raw and MIEX
®
 treated water 
from Wanerroo WTP, and found NDMA FP increased from <5 to 25 ng/L. This increase 
in NDMA FP after MIEX
®
 treatment was comparable to the findings with drinking water 
samples in this study. However, the substantial increase observed in the NDMA FP after 
treatment of effluent impacted waters with MIEX
®
 process was reported for the first time 
in this study. To further investigate this phenomenon, some additional experiments were 
performed.  
Effect of Bed Volume and Effluent Contribution 
Given the fact that the MIEX
®
 resin used in the study was regenerated resin, and 
rinsed with 600 BV of DDI before any experiment, the increase in NDMA FP with the 
effluent impacted waters is not likely due to the manufacturing impurities. Furthermore, 
no such major increase was observed with the raw drinking water samples. To examine 
the potential release of impurities, MIEX
®
 resin was treated in DDI up to 2,000 BV (i.e., 
20 subsequent jar tests), and NDMA FPs in the DDI water remained below 10 ng/L after 
the first jar test (i.e., 100 BV) as shown in Figure 4.5. Therefore, these results showed 




Figure 4.5 NDMA FP in DDI after exposure to MIEX
®
 resins. Set A and B were two 
independent experiments. NDMA FP reported as mean of two measurements. The 
errors were within 15%. 
To examine the NDMA FP patterns during the successive jar tests, MIEX
®
 treated 
samples were analyzed after each separate jar test (i.e., every 100 BV) for a fresh batch of 
EFOM 2. The NDMA FP of MIEX
®
 treated water shown in Figure 4.6 remained 
consistently around 70% higher than the raw water, while FP of other nitrosamine species 
were not affected by MIEX
®
 treatment. In contrast, MIEX
®
 consistently removed 
approximately 50% of DOC, and 60% of THM/HAA FP during each jar test. Provided 
that the increasing NDMA FP consistently occurred whenever the resin was with a new 
batch of effluent impacted water, this was not a temporary phenomenon during the initial 
contact of the resin with the effluent impacted water. It continued until at least as long as 


























Figure 4.6 The change in (a) Nitrosamine FP, and (b) DOC and DBP FP reduction 
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Since the significant increase in NDMA FP only occurred with the effluent 
impacted waters, we wanted to assess the relationship between the increase in NDMA FP 
and the extent of effluent impact in a water source. Krasner and colleagues (2008) 
classified the effluent impacted waters in three categories: (a) low impacted: drinking 
water supplies that had <10% contributions from WWTP effluents, (b) effluent impacted 
waters: for 10-50% of wastewater contributions, and (c) effluent dominated waters: for 
the wastewater contribution >50% in water flow. The mixtures of a WWTP and DW1 
were mixed at 0/100 (WWTP effluent/DW 1), 10/90, 25/75, 50/50, 75/25, and 100/0 
percent volume ratios to represent different scenarios. Mixtures were prepared for the 
effluents of three WWTPs. Each mixture was treated with MIEX
®
 for 600 BV, and 
NDMA FP was measured before and after treatment.  
The increases in NDMA FP due to MIEX
®
 treatment (Figure 4.7) were correlated 
to the extent of effluent impact. For waters without or with low effluent impact, only a 
small increase in NDMA FP less than 30 ng/L was detected, whereas the increase was 
more obvious, ranging from 86 to 271 ng/L, in effluent dominant waters. The amount of 
increase remained similar for three different effluent impacted water sources prepared 
using the effluents from three different WWTPs. The correlation between the increase in 
NDMA FP and effluent impact indicated that the enhanced NDMA FP resulted from 
resin-effluent contact. Certain unknown substances in the effluent may be associated with 





Figure 4.7 Increase in NDMA FP in effluent impacted water after MIEX
®
 treatment.  
Effect of Metals and Inorganic Nitrogen on NDMA Formation 
Several potential factors that triggered the increase of NDMA FP in effluent 
impacted water during MIEX
®
 treatment were explored. First, the levels of soluble metals 
in the drinking waters and effluent impacted waters were screened (50% effluent 
contributions) (Table 4.3). However, none of the tested metals showed greatly higher 
concentration in the effluent impacted waters than the drinking waters. As a result, no 
clear correlation between NDMA FP increase and metal ions in water was found. 
Second, NH3 and NO2
-
 concentrations were negligible in effluent impacted waters 
because of good nitrification process in the sampled WWTPs. However, the high 
concentration of NO3
-
 distinguished these waters from the drinking waters. To evaluate 
the effect of inorganic nitrogen on NDMA FP, we tested DDI waters containing 1 mg/L 
NO2
-
-N, 8 mg/L NO3
-


































Table 4.3 Levels of soluble metals in effluent impacted water and drinking waters 
Sample 
Al As B Ca Cd Cr Cu Fe K 
ppm ppm ppm ppm ppm ppm ppm ppm ppm 
EFIW 1 0.148 <0.005 0.075 5.481 < 0.000 0.001 0.031 0.02 6.112 
EFIW 2 0.05 0.008 0.074 4.959 < 0.001 0.001 0.011 0.024 5.52 
EFIW 3 0.032 <0.005 0.077 18.752 < 0.002 0.001 0.013 0.06 4.7 
DW 1 0.031 < 0.000 0.01 2.403 < 0.000 0.001 0.019 0.009 1.413 
DW 2 0.038 < 0.000 0.062 7.598 < 0.000 0 0.005 0.024 2.215 
DW 3 0.102 < 0.001 0.04 8.678 < 0.000 0 0.045 0.048 2.751 
          
(continued) 
         
Sample 
Mg Mn Mo Na Ni P Pb Se Zn 
ppm ppm ppm ppm ppm ppm ppm ppm ppm 
EFIW 1 > 10.000 0.068 0.01 21.881 0.001 0.017 < 0.002 < 0.000 0.051 
EFIW 2 1.309 0.027 0.032 24.973 0 0.015 0.006 < 0.001 0.016 
EFIW 3 1.074 0.003 0.006 18.618 <0.001 0.206 < 0.004 < 0.006 0.023 
DW 1 0.984 0.001 < 0.003 3.487 0 0.005 < 0.004 < 0.000 0.001 
DW 2 2.529 < 0.001 < 0.002 16.563 0 0.037 < 0.000 < 0.000 0 
DW 3 1.963 0.012 < 0.000 10.698 0 0.011 < 0.001 < 0.007 0.003 
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DDI water in the presence/absence of inorganic nitrogen showed similar NDMA 
FP (Figure 4.8), which was attributed to the anion-exchange resins in laboratory 
deionization devices. A small increase of 1-2 ng/L in NDMA FP was observed in all DDI 
waters after exposure to MIEX
®
 (Figure 4.8). These findings were in agreement with 
previous research on a traditional type 2 ion exchange resin: in the absence of oxidants, 
no significant NDMA formed regardless of the presence of nitrite or nitrate (Kemper et 
al., 2009). Thus, it was confirmed that inorganic nitrogen alone did not trigger the 
increase in NDMA FP, and that it was not the factor that caused the high NDMA FP in 
effluent impacted water.  
 
Figure 4.8 NDMA FP in raw and MIEX
®
 treated DDI water containing different 
levels of inorganic nitrogen. NDMA FP reported as mean ± standard deviation (n=4). 
Due to limited knowledge of the resin structure and its manufacturing processes, 
no further action has been taken to explore other potential factors responsible for the 

















MIEX  treated DDI
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carried out with high dose of chloramine and long reaction time, which is not applicable 
to real drinking water treatment practice. Thus, such high level of NDMA will not be 
found in a full scale MIEX
®
 system disinfected by chloramine. The effluent impacted 
waters tested were prepared by directly blending effluents from WWTP with surface 
water in the lab. In reality the substances in effluent may be attenuated in receiving 
waters due to various biogeochemical processes (Kranser et al., 2008), thus the impacted 




Furthermore, since the MIEX
®
 process has great efficiency in removing 
substances responsible for THM and HAA formation, it provides treatment plants an 
opportunity to meet the DBP rules without switching from chlorine to chloramine as their 
post disinfectant in the distribution system. In such case, NDMA formation will not be a 
concern as it does not form to any great extent during chlorination (Najm and Trussell, 
2001; Charrois and Hrudey, 2007).  
Effect of Other Ion Exchange Resins on NDMA FP 
Considering that MIEX® resin has similar structure as traditional Type I strong 
anion exchange resins with additional magnetic iron oxide incorporation, we further 
investigated the effect of effluent on other types of resins. Two strong anion exchange 
resins IRA 958 and 900 with the same functional group as MIEX® were selected. IRA 
958 had a polyacrylic matrix as MIEX®, while IRA 900 had a polystyrene matrix. Three 
resins with equal exchange capacity were soaked in a surface water and a pure WWTP 
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effluent for an extended time of 1 day to examine the maximum potential of NDMA FP 
increase.  
The three resins removed about the same amount of DOC in surface water 
(~73%) and effluent (~54%), respectively. Because waters were in contact with an excess 
dose of resin for sufficient time, all negatively charged organic matter was removed 
through the exchange process. As shown in Figure 4.9, when the three types of resins 
were soaked in a surface water, the increase ranged from 20 to 90 ng/L in NDMA FP, 
and MIEX
®
 exhibited the least increase among the three resins. In contrast, NDMA FP 
for all three resins showed more than 500 ng/L increase when contacted with effluent.  
This phenomenon observed in resins with different matrix but the same 
quaternary ammonium functional groups showed that the increase in NDMA FP was 
mainly attributable to the functional group in the resins. The magnetic incorporation in 
MIEX
®
 was not the reason for the phenomenon as it occurred in other non-magnetic 





Figure 4.9 NDMA FP in raw and ion exchange resin treated waters: (a) surface 
water, (b) wastewater effluent. All NDMA FPs reported as mean ± standard 
deviation (n=4). 
 Conclusions 
 The MIEX® process substantially lowered UV absorbance, DOC and C-DBPs FP in 
all examined water samples with 39-87% of reduction in THM and HAA 
precursors. The removal efficiency tracked the SUVA values of waters, and better 
performance was observed in drinking waters than effluent impacted waters.  
 The MIEX® process showed a very different effect on N-DBP precursors. Its 
effectiveness for the control of HNM precursors ranged between 10 to 33%. 
 In drinking waters, MIEX® did not remove nor contribute to NDMA formation to 
an appreciable amount. 
 A substantial increase was observed in the NDMA FP after MIEX® treatment of 























ion exchange resins. The increase in NDMA FP was correlated with the 
contribution of wastewater effluent in water sample. 
 Soluble metals and inorganic nitrogen in effluent impacted waters were not 
responsible for the increase in NDMA FP in contact with MIEX
®
. More effort is 
required to understand the particular phenomenon. However, the increase in NDMA 
FP was common among other traditional ion exchange resins when treating effluent 
impacted water.  
 MIEX® could not control N-DBP precursors. Hence potential water treatment 




5 CHAPTER FIVE 
 
THE TREATMENT OF AN EFFLUENT IMPACTED 




A number of cities depend on surface water that receives substantial wastewater 
effluent discharges, such as Philadelphia, Cincinnati and New Orleans drawing water 
from Delaware, Ohio and Mississippi Rivers, respectively (USEPA, 1992). With 
increasing water demand and drought, the unplanned indirect portable reuse of treated 
wastewater is widespread. In 1980, the USEPA published a study (Swayne et at., 1980) 
targeting over 62 million people utilizing surface water in the United States. About 15 
million of them are served by surface water containing at least 10 percent treated 
wastewater at low flow conditions and 4 million people use municipal supplies that 
contain 100 percent treated wastewater during low flow conditions (Swayne et at., 1980).  
The treated wastewater effluent discharges may alter the water quality at 
downstream locations (Brooks et al., 2006). These effluents typically contain high ionic 
strength, residual natural organic matter (NOM) from drinking waters, effluent organic 
matter (EFOM) from biological wastewater treatment processes, and sometimes harmful 
trace chemicals (Shon et al., 2006; Kranser et al., 2008). The EFOM has distinct 
characteristics as compared to NOM. It consists of 60 to 80% hydrophilic organic matter 
(Quaranta et al., 2012), has lower SUVA254 values (Kranser et al., 2008), and the 
hydrophobic and transphilic components of EFOM share similar characteristics with 
NOM derived from microbial sources (Quaranta et al., 2012). EFOM contains dissolved 
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organic nitrogen (DON), which can be a significant source of nitrogenous disinfection 
byproducts (N-DBP) precursors. Nitrosamines are a group of compounds classified as 
probable human carcinogens in water at concentrations as low as 0.2 ng/L associated with 
a 10
–6
 lifetime cancer risk (USEPA, 1993). Studies have reported high levels of N-
nitrosodimethylamine (NDMA) precursors in wastewater effluents (Schreiber and Mitch, 
2006; Chen et al., 2009), which cause an increase in the NDMA levels at downstream 
drinking water treatment plants (Russell et al., 2012). Research has also shown that some 
of the unregulated N-DBPs (e.g., HNMs) exhibit orders of magnitude higher cyto- and 
geno-toxicity than the regulated C-DBPs (Wilbourn et al., 1999; Richardson et al., 2007). 
Therefore, treatment of effluent organic matter and removal of DBP precursors are 
critical to drinking water utilities to comply with the increasingly stringent DBP 
regulations as well as reducing the formation of emerging DBPs such as N-DBPs.  
The Magnetic Ion Exchange (MIEX
®
) process is a novel DOC removal 
technology developed by Orica Watercare. During the operation, the negatively charged 
dissolved organic matters in raw water are exchanged with chloride ions attached to the 
resin surface (Drikas et al., 2003; Mergen et al., 2008). Following the exchange, the 
unique magnetic properties facilitate rapid agglomerations and settling of resin particles 
from the water (Drikas et al., 2003). Its smaller size with high surface area provides high 
exchange efficiency (Boyer and Singer, 2005). 
In recent years, the MIEX
®
 process has been increasingly applied in drinking 
water treatment as a pretreatment before disinfection to remove DOC and to reduce the 





has been demonstrated to effectively treat a wide range of surface waters with varying 
characteristics. For example, the MIEX
®
 process removed 55-88% UV254 absorbance, 35-
67% DOC, 38-77% THM precursors, and 44-74% HAA precursors in a pilot study of 
four drinking waters with SUVA254 values ranging from 1.1 to 7.7 L/mg*m (Singer et al., 
2007). In addition, the preferential removal of THM and HAA precursors over bulk DOC 
has been reported by MIEX
®
 (Singer and Bilyk, 2002; Drikas et al., 2003), which helps 
drinking water utilities with complying with the Stage 2 DBP regulations.  
To date, most MIEX
®
 studies have focused on the removal of NOM from surface 
waters. Only a few studies have investigated its use in treating wastewater effluents or 
effluent impacted water sources. Kim and Dempsey ((Kim and Dempsey, 2010)) 
compared the removal of EFOM in tertiary-treated wastewater effluent by four ion 
exchange resins. MIEX
®
 showed the highest efficiency in removing DOC (67%), and 
reduced fouling in the subsequent membrane filtration. Nguyen and colleagues (2011) 
reported that 10 mL/L MIEX
®
 effectively removed 77% of DOC from a synthetic 
wastewater in batch mode, and a 60% of DOC removal was achieved in a fluidized bed 
MIEX
®
 reactor. Furthermore, regeneration did not affect its performance in removing 
organic matter (Nguyen et al., 2011). 
Study Objectives 
While the effectiveness of MIEX
®
 process for the removal of THM and HAA 
precursors has been well established, our understanding of its performance for treating 
effluent impacted waters, and removing emerging nitrogenous DBP (e.g., NDMA, 
halonitromethanes (HNMs)) precursors is very limited. The objectives of this study were 
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to (i) investigate the impact of a WWTP effluent on the downstream water quality in an 
effluent impacted stream, (ii) examine the potential of MIEX
®
 process for treating the 
effluent impacted water and removing DBP precursors, and (iii) evaluate DBP (i.e., 
THM, HAA, NDMA and HNMs) levels under different practical disinfection scenarios 
after MIEX
®
 treatment.  
Research Approach 
The watershed of a small stream impacted by a single WWTP discharge was 
selected as the study side. Since the upstream background levels were very low, bromide 
ion concentration at the WWTP effluent and in the stream after the discharge was used to 
calculate the effluent contribution to the stream. In the first phase, samples were collected 
from the upstream, WWTP effluent, and several downstream locations to characterize the 
changes in several basic water quality parameters [dissolved organic carbon (DOC), 









)] and selected DBP (e.g. 
THMs, HAAs, HNMs, and NDMA) precursor  levels. 
In the second phase, the MIEX
®
 treatment was applied to the upstream and 
downstream waters, and DBP formation potentials were measured before and after the 
MIEX
®
 treatment. The performance of MIEX
®
 was evaluated by comparing UV 




In the third phase, uniform formation condition (UFC) tests were applied to 
MIEX
®
 treated upstream and a downstream effluent impacted water to determine the 
DBP levels in the water distribution systems for three different post disinfection scenarios 
at a drinking water treatment plant (DWTP): (i) chlorination; (ii) prechlorination for 40 
min. followed by ammonia addition to form chloramine; and (iii) preformed chloramine 
which mimics the in-situ chloramine formation by adding chlorine and ammonia at the 
same location.  
Materials and Methods 
Watershed Information and Sample Collection  
The studied stream watershed is located in upstate South Carolina (Figure 5.1), 
which consists of 32,883 acres. About 58% of the watershed is forested, and the 
remaining is composed of urban area (6%), cropland (19%), pastureland (16%), and a 
small mix of water (0.2%) and barren (0.32%) land uses. A 5.2 million gallon/day 
(MGD) municipal WWTP incorporating tertiary treatment and UV disinfection is the 
major discharger to the stream. A USGS gauge station is available approximately 1 mile 
upstream of the WWTP. The annual mean discharge flowrate in 2011 was 4.47 MGD.  
In the summer and winter of 2011, grab samples were collected from upstream 
before discharge, at the discharge, and at four downstream locations from the WWTP. 
During sampling periods, the stream was at its base flow without influence of heavy 
storms. Treated effluent was directly collected from the WWTP. The distance between 
downstream sampling locations and WWTP discharge point ranged from 2.9 to11.2 km 
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(Figure 5.1). Since the WWTP is the major point input in the system, it is an ideal 
watershed to investigate the impact of treated wastewater effluent on downstream water 
quality. All the samples were immediately filtered through a 0.2 µm pre-washed 
membrane filters upon arrival at the laboratory, and kept in the dark in a refrigerator at 
4°C until the experiments and analyses.  
 
Figure 5.1 Studied watershed and sampling locations. 
Bromide Tracer Analysis 
The conservative bromide ion was measured in all samples. Since the effluent and 
downstream samples had significantly higher bromide concentrations than the upstream, 
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it was used as a tracer to determine the contribution of effluent to the stream flow with 
mass balance analysis for bromide. Assuming steady-state conditions, the mass balance at 
each downstream location can be expressed as: 
          𝑄                    𝑄                       𝑄                    ( ) 
where  
𝑄             (   )  
                                (    ) 
The flow balance can be expressed as  
𝑄          𝑄           𝑄                     ( ) 
These two equations can be combined to derive the contribution of effluent to 
downstream flow:  
𝑄        
𝑄          
 
                     
                   
          ( ) 
Because Cupstream, Ceffluent, and Cdownstream are known through measurement, the 
ratio of Qeffluent to Qdownstream can be calculated.  
The downstream effluent was diluted mainly because of tributaries in the 
watershed. Water sample was collected in the major tributary prior to D 4 location. The 







 resin was obtained from Orica Watercare. Before any experiment, the 
resin was placed in a fluidized bed column and rinsed with 600 bed volume (BV: treated 
water volume/resin dose) distilled deionized water (DDI) for cleaning. Preliminary 
kinetic experiments showed that a MIEX
®
 dose of 10 mL/L and mixing time of 30 
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minutes were the optimum conditions for the treatment of the water samples in the study. 
Based on these results, 6 L of each water was treated in six successive jar tests with the 
same MIEX
®
 resin (BV=600). All treated water from each individual test was combined, 
and then filtered through pre-rinsed 0.45 µm membrane filter to remove any carried over 
resin particles. The 6 L composite sample will be referred  to as the MIEX
®
 treated water 
in the rest of the chapter.  
FP and UFC Tests 
Prior to FP or UFC tests, samples were buffered at pH 8 with 4 mM sodium 
bicarbonate. Details of preparation of disinfectant stock solutions and protocol of FP tests 
were described in Chapter 4. 
UFC test simulates the formation of DBPs in distribution systems under practical 
disinfection conditions of DWTPs. Three different post-disinfection conditions were 
conducted with MIEX
®
 treated waters: (1) Cl2 as post disinfectant to achieve 1 mg/L 
residual after 1 day. (2) Pre-chlorination for 40 minutes followed by NH3 addition. 
Prechlorination achieved CT value of 3-Log inactivation of Giardia at 20 °C and pH 8 
(i.e., 101 min-mg/L). The exposure was calculated by multiplying the chlorine residual 
concentration with the contact time. Following 40 minutes of contact time, the chlorine 
residual was approximately 2.5 mg/L. Ammonium sulfate (Cl2/N mass ratio of 4:1) was 
added to the sample to form chloramine. Combined chloramine residual of 2 mg/L was 
achieved after one day contact time. (3) Preformed chloramine as post disinfectant to 
achieve 2 mg/L combined residual after one day. All UFC amber bottles were completely 
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filled and capped headspace free with PTFE-lined caps, and incubated for three days at 
20±2°C.  
Analytical Methods.  
A number of analytical methods were used in the study. They are summarized in 




Table 5.1 Analytical methods and minimum detection levels 
Parameter Unit Measurement Method Equipment 
Minimum Detection 
Levels 
DOC & TOC (mg/L) SM
 
5310B TOC-VCSH, Shimadzu Corp., Japan 0.1 




















O3 (mg/L) SM 4500-O3 HACH Test Kit 0.02 





 420A, Orion Corp., USA ± 0.01 
THM4 (μg/L) USEPA Method 551.1 Agilent 6890 or 6850 μ-ECD 1 
HAA9 (μg/L) SM 6251B Agilent 6890 or 6850 μ-ECD 1 
HNM9 (μg/L) USEPA Method 551.1 Agilent 6890 or 6850 μ-ECD 0.7 
NDMA (ng/L) USEPA Method 521 Varian GC/MS/MS 4000 2 
Free/Combined Chlorine (mg/L) SM 4500-Cl F NA 0.1-0.15 




Results and Discussion 
Impact of WWTP Effluent on Downstream Water Quality 
Selected water quality parameters for upstream, WWTP effluent, and downstream 
sampling locations are summarized in Table 5.2. The upstream water had a median DOC 
of 2.1 mg/L and low levels of nitrate, bromide and sulfate, whereas the WWTP effluent 
had a significantly higher DOC (7.4 mg/L) and higher anion concentrations. The WWTP 
is a municipal wastewater treatment plant with a good nitrification process and partial 
denitrification capabilities, and uses UV for disinfection.  
During the summer sampling event, the upstream was at its base flow conditions. 
Immediately after the effluent, the organic and inorganic components in the stream 
increased significantly (Table 5.2). The calculated percent impact based on tracer 
bromide concentrations suggested that the downstream water at the time of the sampling 
was dominated by effluent. The bromide concentration almost remained constant from 
the discharge location to D3, and approximately 80% of the flow in this section of the 
stream was attributable to the WWTP effluent. At location D4, the effluent impact was 


















(km) (%) (mg/L) (1/cm) (L/mg-m) (mg-N/L) (mg-N/L) ( µg /L) (mg/L) 
Upstream -0.1 0 2.1 0.061 2.9 0.1 N/D 34 1.2 
Effluent 0 100 7.4 0.191 2.6 15.4 0.12 174 31.5 
Discharge 
Location 
0 81 6.3 0.165 2.6 14.1 0.10 148 25.7 
D 1 2.9 82 5.8 0.156 2.7 11.4 0.11 149 25.5 
D 2 5.3 82 5.3 0.158 3.0 10.3 0.11 148 26.4 
D 3 8.4 77 4.8 0.136 2.9 8.8 0.08 142 23.4 
D 4 11.6 50 3.6 0.112 3.1 4.6 0.04 104 15.6 




The effluent discharge clearly altered the water quality in the stream. The levels 
of DOC and anions substantially increased at downstream locations (Table 5.2 and Figure 
5.2) along with the formation potentials of selected DBPs (Figure 5.3). The precursors of 
both carbonaceous and nitrogenous DBPs were present in the wastewater effluent. The 
percentage increase in DBP precursors and bulk organic matter at discharge location 
follows the order: NDMA (2322%) > HNM (639%) > DOC (201%) > HAA (115%) > 
THM (89%) > UV254 (33%). 
THM and HAA FP doubled at the discharge location, but the overall percent 
increase was less than that of DOC.  In other words, the THM and HAA yield over DOC 
actually decreased, which indicates that the EFOM was less reactive than NOM in 
forming THM and HAA, and is consistent with findings by Krasner et al. (2008) in a 
WWTP effluent impacted river in Denver, Colorado. 
HNM and NDMA FPs, albeit at much lower concentrations than C-DBP, 
experienced a spike (10-20 times increase) at the discharge location. This is because 
wastewater effluents usually are rich in organic nitrogen, and thus can be a significant 
source of HNM and NDMA precursors. Similar increase in N-DBP FP in wastewater 
impacted surface waters has also been previously reported (Pehlivanoglu-Mantas and 




Figure 5.2. DOC, SUVA254, and NO3
-
 of samples collected from the studied creek 
(July 2011). 
 
Figure 5.3 DBP FPs along the stream locations (July 2011). All DBP FPs reported as 


































































































Upstream Discharge Location D 1 D 3
60 
 
Transport and Fate of DBP Precursors 
As the effluent impacted water travelled to downstream locations, some removal 
of organic matter and DBP FP was observed (Figure 5.4). Since the dilution was 
negligible prior to location D3, the loss of organic matter and DBP precursors was mostly 
attributed to natural biogeochemical processes in this section of the stream. From the 
discharge location to D3, DOC declined by approximately 24%. However, a lower 
percentage of UV254 (17%) absorbance than DOC was removed, hence a slight increase 
in SUVA254 values was observed (Figure 5.2). This suggests that the non-aromatic 
organic components were preferentially removed as a result of natural attenuation.  
In terms of DBP precursors, THM FPs remained almost unchanged at the first 
three downstream locations, and this trend was consistent with the trend in bromide. 
Therefore, the THM precursors did not go through significant attenuation in this section 
of stream. On the other hand, a slightly higher decrease was observed for the HAA 
precursor.  
In contrast to THM and HAA precursors, NDMA FP and HNM FP declined by 53 
and 32%, respectively at location D3. Further degradation and dilution of NDMA FP was 
also observed at location D4. Chen et al. (2009)reported that an effluent derived NDMA 
FP degraded from 682-804 to 280-347 ng/L after travelling 14.3 miles along the Santa 
Cruz River. The percentage removal of NDMA FP was relatively comparable to the 
observation in this study. Both studies indicate that the negative effect of the effluent 
discharges for N-DBP precursors may be mitigated, if there is enough detention time or 




Figure 5.4 Removal of bulk organic matter and DBP FPs in the stream (July 2011). 
THM, HAA, and HNM were not measured in sample D2 and D4. 
The overall removal efficiency of organic matter and DBP precursors at 
downstream locations nearly followed the same order of their percentage increase as at 
the discharge location: NDMA FP > HNM FP > DOC, HAA FP > UV254 > THM FP. 
This trend suggests substance originating from the effluent were more subject to natural 
attenuation, probably biodegradation, than NOM in the creek water. This overall pattern 




































Bulk Removal by MIEX
®
 Process 
Substantial amounts of DOC (42-60%) and UV254 absorbance (61-97%) were 
removed by MIEX
®
 in all waters as shown in Figure 5.5. UV254 absorbance generally 
showed greater preferential removal than DOC, which was particularly obvious in the 
upstream water. As a result, the SUVA254 value of waters decreased from 2.6-2.9 L/mg·m 
to 0.5-1.7 L/mg·m after treatment (Table 5.3 and Figure 5.5).  
Table 5.3 Characteristics of raw and MIEX
®
 treated waters (July 2011) 
Sample Treatment 







(mg/L) (1/cm) (L/mg-m) (mg-N/L) ( µg /L) (mg/L) 
Upstream 
Raw Water 2.1 0.061 2.9 0.1 34 1.2 
10 mL/L MIEX 0.8 0.004 0.5 ND 6 0.1 
Discharge 
Location 
Raw Water 6.3 0.165 2.6 14.1 148 25.7 
10 mL/L MIEX 3.6 0.064 1.8 11.2 130 6.7 
D1 
Raw Water 5.8 0.156 2.7 11.4 149 25.5 
10 mL/L MIEX 3.2 0.055 1.7 9.7 136 7.4 
D3 
Raw Water 4.8 0.136 2.9 8.8 142 23.4 
10 mL/L MIEX 2.5 0.044 1.7 7.1 116 4.9 




Figure 5.5 Removal efficiency of DOC and UV254 absorbance by MIEX
®
 treatment 
The upstream water generally exhibited greater DOC and UV reduction than 
downstream waters. Among the effluent impacted waters, the removal efficiency 
increased as the water travelled along the stream from the discharge location. As looked 
more closely, the DOC and UV reduction increased with SUVA254 values of the raw 
waters. Previous research focusing on drinking water demonstrated that the MIEX
®
 
process preferentially removed the hydrophobic fraction over the hydrophilic fraction 
(Fearing et al., 2004; Singer et al., 2007), and that its effectiveness tends to be higher in 
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results obtained in this study indicate that the same general trend applies to effluent 
impacted water as well.  
Varying degrees of anion removal were also observed (Table 5.3). The removal 
efficiency followed the order: SO4
2- 




. A previous study also 
showed that bivalent sulfate had the highest affinity for exchange following by DOC, 
while removal of nitrate and bromide was less effective (Boyer et al., 2008). Since 
downstream waters had significantly higher sulfate than upstream water, it may also 
explain the relatively lower DOC removal in the effluent impacted waters.  





 treatment was very effective in removing THM and HAA FPs in effluent 
impacted waters. The reduction in mass concentrations was in the range of 51-80% (167-
262 µg/L) for THM precursors and 59-83% (156-237 µg/L) for HAA precursors (Figure 
5.6 and Figure 5.7). The reduction in THM and HAA FPs fell between UV and DOC 
removal for each water. Thus, the THM and HAA yields over DOC decreased as a result 
of MIEX
®
 treatment. This is consistent with the previous findings that MIEX
®
 process 
preferentially removed THM and HAA precursors over bulk DOC (Drikas et al., 2003).  
Removal of HNM FP by MIEX
®
 Process 
The HNM FP of raw and MIEX
®
 treated waters are illustrated in Figure 5.6c. A 
very distinct effect was observed on HNM FP compared to THM and HAA FPs due to 
MIEX
®
 treatment. First, HNM FP was not efficiently removed by the MIEX
®
 process. 
The decrease in total HNM FP ranged from 0-7 µg/L, corresponding to 0-15% reduction 
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as mass concentration. The main reduction was found in trichloronitromethane species. 
No reduction was observed in brominated halonitromethanes, and some samples even 
showed an increase in bromodichloronitromethane or dibromochloronitromethane species 
(Table B3). Since the HNM reduction was less than DOC removal (Figure 5.7), the HNM 
yield over DOC increased after the MIEX
®
 treatment. In addition, the reduction in HNM 
FP was higher in samples collected from discharge location and D1 where the least 
reduction was observed for DOC, UV254, and THM and HAA FPs (Figure 5.7). The 
different removal patterns observed for HNM compared to THM and HAAs showed that 
some specific precursors are involved in the HNM formation, and they are not removed 






Figure 5.6. DBP FP of raw and MIEX
®
 treated waters (a) THM, (b) HAA, (c) HNM, 
and (d) NDMA: bars with diagonal lines = DBP FP in raw water, white bars = DBP 
FP in MIEX
®
 treated water. All DBP FPs reported as mean ± standard deviation 
















































































































































Figure 5.7 Reduction of DOC, UV absorbance and DBP FP by MIEX
®
 treatment. 
The percentage reduction in NDMA FP at upstream is not shown here because the 
NDMA FP in raw and MIEX treated water were relatively similar. 
Removal of NDMA FP by MIEX
®
 Process 
In contrast to THM, HAA, and HNM FP, a substantial increase in NDMA FP (57-
257 ng/L) (Figure 5.6) was observed in effluent impacted samples post MIEX
®
 treatment. 
In the upstream water, MIEX
®
 process did not significantly remove nor contribute to 
NDMA FP (Figure 5.6). Control experiment was conducted in DDI water up to 20 
successive jar tests (i.e., Bed Volume=2000). The NDMA FP slightly increased after the 
exposure to MIEX
®
 resin as shown in Figure 4.5. However, the increase was minor, 
generally less than 10 ng/L. Since the appreciable increase only occurred during the 
treatment of effluent impacted water instead of upstream water and DDI, the 
































The result in upstream surface water agrees with my previous findings in other 
drinking waters that we have tested: the MIEX
®
 process did not remove NDMA 
precursors, and it may possibly lead to a very small increase (4-6 ng/L) in NDMA FP. An 
Australian study tested NDMA FP under chlorination of raw and MIEX
®
 treated water 
from Wanerroo WTP, and found NDMA FP increased from <5 to 25 ng/L (Knight et al., 
2010 ). This increase in NDMA FP after MIEX
®
 treatment was comparable to the 
findings with the MIEX
®
 treatment of the upstream water sample in this study. When I 
prepared in the laboratory a mixture of the treated wastewater effluent with a drinking 
water in the 1:1 ratio, the NDMA FP increased from 156-287 to 266-344 ng/L after 
MIEX
®
 treatment. This was consistent with the increase that occurred in downstream 
samples. 
The results for the discharge locations, D 1, and D 3 indicate that the increase in 
the NDMA FP decreased along the stream (Figure 5.8). We hypothesize that some 
constituents in the wastewater effluent that are responsible for the increase in NDMA FP 
after MIEX
®
 treatment experienced some natural attenuation in the creek. Probably, the 
negative effect on NDMA FP after MIEX
®
 treatment could be further alleviated as the 
effluent travels for a longer distance. Unfortunately, the studied stream flows to a major 
river after the sampling location D4, and we could not further monitor the effect of 




Figure 5.8 Effect of MIEX
®
 treatment on NDMA FP: change in mass concentration. 
NDMA Levels under UFC Tests in MIEX
®
 Treated Water 
FP tests provide information about the DBP precursor levels in a sample, but they 
do not provide information about the levels of DBPs that will occur in distribution 
systems at practical conditions. Therefore, in order to assess the practical implication of 
the observed increase in NDMA FP during MIEX
®
 treatment of effluent impacted water, 
a new batch of sample was collected in the winter from upstream and D4 locations. 
During this sampling, the downstream flow was composed of approximately 40% of 
wastewater effluent. The selected characteristics of raw and MIEX
®
 treated waters are 
summarized in Table 5.4. Consistent with the previous sampling event, the upstream 
water had lower DOC and higher SUVA254 values, while the downstream water had 
higher DOC, nitrate and bromide but lower SUVA254. The MIEX
®
 process removed 70 























NDMA formation was measured with both FP and UFC tests (Figure 5.9). For the 
downstream water sample, NDMA FP increased from 63 to 107 ng/L upon exposure to 
MIEX
®
 resin. In contrast, the treatment of the upstream sample resulted in only 7 ng/L 
increase in FP tests. These results confirmed the previous findings.  
Table 5.4 Selected characteristics of raw and MIEX
®
 treated samples (November 
2011) 
Sample Treatment 





(mg/L) (1/cm) (L/mg-m) (mg-N/L) ( µg /L) 
Upstream 
Raw 3.3 0.116 3.6 0.0 29 
10 mL/L 
MIEX 
1.0 0.021 2.0 ND ND 
D 4 
Raw 4.2 0.127 3.0 3.6 119 
10 mL/L 
MIEX 
1.5 0.012 0.8 2.4 76 
 
 
Figure 5.9 (a) NDMA concentrations in MIEX
®
 treated waters during UFC tests, 
and (b) NDMA FP in raw and MIEX
®
 treated waters. All NDMA FP reported as 












































The NDMA concentrations under the UFC conditions were substantially lower 
than the NDMA levels observed in FP tests. This is because the FP test is designed to 
determine the precursor level, and it is conducted with an excess amount of preformed 
chloramine (100 mg/L) and for a long contact time (7 days). The results of the UFC tests 
showed different patterns under the three post disinfection conditions after MIEX
®
 
treatment. Under chlorination, and pre chlorination followed by ammonia addition, a 
similar amount of NDMA formed for both upstream and downstream waters. The 
concentrations were below the 10 ng/L notification level of California. However when 
preformed chloramine was used, which mimic chloramine formation in-situ by addition 
of chlorine and ammonia at the same location, NDMA level was significantly higher (36 
ng/L) in MIEX
®
 treated downstream water, which exceeded the California notification 
level. On the other hand, the NDMA level with preformed chloramine remained below 10 
ng/L in the upstream water. 
Previous studies showed that chloramination forms higher amounts of NDMA 
than chlorination (Najm and Trussell, 2001; Charrois et al., 2007), and that a short period 
of chlorine contact time before chloramination significantly reduced the NDMA 
concentration (Charrois and Hrudey, 2007; Shah et al., 2012). The results are consistent 
with these findings, the NDMA under chlorination and prechlorination followed by 
ammonia addition always remained below 10 ng/L. On the other hand, chloramine alone 
is insufficient to produce higher level of NDMA without existing precursors in water 
(Zhao et al., 2008). Consequently, a relatively higher NDMA concentration was observed 
in the MIEX
®
 treated downstream water instead of upstream water during 
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chloramination. The NDMA level (36 ng/L) in downstream water during the UFC test 
constituted one third of the concentration measured during the FP test (107 ng/L) in the 
same sample.  
 
Figure 5.10 THM (a) and HAA (b) concentrations in MIEX
®
 treated waters during 
UFC tests. All THM and HAA FPs reported as mean ± standard deviation (n=2). 
 
THM and HAA Levels during the UFC Tests in MIEX
®
 Treated Water 
The THM and HAA concentrations under three post disinfection scenarios were 
below the maximum contaminant level set by Stage 2 Disinfection and Disinfectants 
Byproduct Rule. The highest amount of THM and HAA formed during chlorination. 
However, since MIEX
®
 process significantly reduced the precursors, the use of chlorine 
was not problematic for THM and HAA control. When ammonia was added after pre-



















































result, THM and HAA levels decreased by approximately 70 and 35%, respectively. 
Preformed chloramine without any chlorine contact further reduced THM and HAA 
concentration. Overall, HAA exhibited less reduction than THM during chloramination, 
due to a direct reaction between HAA precursors and chloramine (Hong et al., 2007).  
Post Disinfection of MIEX
®
 Treated Waters in Effluent Impacted Waters 
Despite an increase in NDMA FP that was observed during treatment of effluent 
impacted waters, at typical treatment conditions, when chlorine or chlorine followed by 
ammonia addition were used for post-disinfection, NDMA levels remained below 10 
ng/L as shown in Figure 5.9. Since MIEX
®
 substantially removes the regulated THM and 
HAA precursors, it allows more generous use of chlorine alone or some contact time with 
chlorine prior to ammonia. As a result, the control of THM, HAA, and NDMA can be 
simultaneously accomplished. The optimum conditions need to be determined depending 
on the water quality characteristics, operational conditions and treatment requirements for 
each system. On the other hand, the results also showed that simultaneous addition of 
chlorine and ammonia or application of preformed chloramine should be avoided after 
MIEX
®
 treatment of effluent impacted waters due to the risk of high NDMA formation.  
Conclusions 
The discharge of treated wastewater effluent to a stream increased DOC, UV 
absorbance, nitrate and THM, HAA, NDMA and HNM precursors at the discharge 
location, and impacted the water quality at downstream locations. NDMA and HNM 
precursors showed higher increase at the discharging location than DOC, UV absorbance, 
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and THM and HAA precursors. However, they were also more amenable to natural 
attenuation than THM and HAA precursors at downstream locations.  
MIEX
®
 effectively treated effluent impacted stream water and removed 42-47% 
DOC, 61-68% UV254 absorbance, and 50-70% THM and HAA precursors. However, it 
was less efficient in treating the effluent impacted waters than the upstream water of the 
discharge. The removal of HNM precursors by MIEX
®
 ranged between 0 to 15% in both 
upstream and downstream waters. MIEX
®
 did not reduce NDMA FP in the upstream 
water; however an increase in NDMA FP was observed in effluent impacted waters after 
MIEX
®
 treatment. This particular increase declined with increasing distance from the 
effluent discharge location. 
Post disinfection strategies at practical water treatment conditions showed that 
NDMA concentrations remained below 10 ng/L, when chlorine alone or 40 min chlorine 
contact time prior to ammonia addition were employed for post-disinfection. Since 
MIEX
®
 efficiently removed THM and HAA precursors, the use of chlorine was not 
problematic for compliance with the Stage 2 THM and HAA MCLs. On the other hand, 
the use of preformed chloramine with the MIEX
®
 treated effluent water resulted in a high 
level (36 ng/L) of NDMA. Therefore, the use of preformed chloramine or simultaneous 
addition of chlorine and ammonia in water should be avoided after MIEX
®
 treatment of 




6 CHAPTER SIX 
 
CONCLUSIONS AND RECOMMENDATIONS 
The primary conclusions from this study are as follows: 
 In drinking water sources, MIEX® did not remove nor contribute to NDMA formation 
to an appreciable amount. 
 A substantial increase was observed in the NDMA FP after MIEX® treatment of 
effluent impacted waters. Similar increases were also observed for the other Type I 
anion exchange resins. And the increase in NDMA FP was correlated with the 
contribution of wastewater effluent in water sources. 
 Soluble metals and inorganic nitrogen in effluent impacted waters were not 
responsible for the increase in NDMA FP in contact with MIEX
®
. More effort is 
required to understand this particular phenomenon.  
 To access the practical implication of NDMA FP increase in effluent impacted water, 
the MIEX
®
 process was tested in an effluent impacted stream water. Post MIEX
®
 
treatment, a similar increase in NDMA FP was observed in downstream water 
samples of a WWTP compared to the increase in the laboratory-prepared effluent 
impacted waters. However, this particular increase declined with increasing distance 
from the effluent discharge location.  
 Simulations of typical practical water treatment scenarios with a sample downstream 
from the WWTP effluent discharge showed that NDMA concentrations remained 
below 10 ng/L, when chlorine alone or 40 min. chlorine contact time prior to 
ammonia addition were employed for post-disinfection. However, when chlorine and 
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ammonia were added simultaneously, a high level of NDMA concentration ~ 35 ng/L 
was observed. 
 Since MIEX® efficiently removed THM and HAA precursors, the use of chlorine was 
not problematic for compliance with the Stage 2 THM and HAA MCLs. On the other 
hand, the use of preformed chloramine or simultaneous addition of chlorine and 
ammonia in water should be avoided after MIEX
®
 treatment of effluent impacted 
waters due to the possibility of high NDMA formation. 
 The effectiveness of MIEX® for the control of HNM precursors ranged between 0-
33% in all samples. 
 MIEX® effectively treated effluent impacted water. A substantial amount of DOC, 
UV254 absorbance, and THM/HAA precursors were removed after MIEX
®
 treatment 
in both laboratory prepared effluent impacted samples and downstream location 
samples from a WWTP. However, MIEX
®
 process was less efficient in treating these 
effluent impacted waters than natural waters.  
 MIEX® could not control N-DBP and C-DBP precursors simultaneously. Hence 
potential water treatment options need to be further explored.   
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Some recommendations for practical applications and future research are as follow: 
 Since the MIEX® process efficiently removes THM and HAA precursors, chlorine or 
chlorine followed by ammonia addition are suitable post disinfection strategies after 
MIEX
®
 process. They help drinking water utilities stay in compliance with the Stage 
2 THM and HAA MCLs, and minimize the formation of NDMA. 
 The NDMA FP in effluent impacted water increased upon exposure to MIEX® and 
the other two Type I strong anion exchange resins, and soluble metal ions and 
inorganic nitrogen were not responsible for this increase. Therefore, more effort is 
required to understand the phenomenon if the anion exchange process is applied for 
wastewater reclamation. An insight into wastewater matrix, and structure and 
manufacturing processes of ion exchange resins would be beneficial. 
 Although waters from three WWTP, and effluent impacted stream in SC were 
examined, testing the anion exchange process in more effluent impacted sources will 
provide some insights of the increase in NDMA FP. 
 Strong anion exchange resins typically contain either Type I (–N+(CH3)3) or Type II 
(–N+(CH3)2(C2H4OH)) quaternary ammonium functional groups. Due to limited 
time, only three Type I resins were tested in the study. It will be interesting to study 
whether the observed increase in NDMA FP occur in effluent impacted water 





























Supplementary Information for Chapter Four 
Table A1 THM FP of raw and MIEX
®
 treated water. All THM FP reported as mean of two measurements. (Data for 
Figure 4.2 (a)) 
Sample Treatment 
TCM DCBM DBCM TBM THM4 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
EFIM 1 
Raw 184 21 4.5 ND 209 
10 ml/L MIEX 105 17 5.4 ND 128 
EFIM 2 
Raw 177 17 3 ND 196 
10 ml/L MIEX 68 9 2 ND 80 
EFIM 3 
Raw 222 40 7 ND 269 
10 ml/L MIEX 81 16 5 ND 101 
DW 1 
Raw 144 12 2 ND 158 
8mL MIEX 47 3 1 ND 51 
DW 2 
Raw 274 85 18 < MRL 377 
10mL MIEX 48 20 8 < MRL 76 
DW 3 
Raw 717 42 3 ND 762 
12mL MIEX 92 10 2 ND 104 




Table A2 HAA FP of raw and MIEX
®
 treated water. All HAA FP reported as mean of two measurements. (Data for 
Figure 4.2 (b)) 
Sample Treatment 
CAA BAA DCAA BCAA TCAA DBAA BDCAA DBCAA TBAA HAA9 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
EFIM 1 
Raw ND 5 108 11 87 2 12 6 ND 232 
10 ml/L 
MIEX 
ND 4 67 11 33 3 9 6 ND 134 
EFIM 2 
Raw ND ND 79 8 85 1 11 3 3 189 
10 ml/L 
MIEX 
ND ND 33 5 20 1 5 3 ND 67 
EFIM 3 
Raw ND ND 118 16 106 3 33 17 ND 293 
10 ml/L 
MIEX 
ND ND 42 8 22 3 19 17 ND 111 
DW 1 
Raw ND ND 59 6 49 ND ND ND ND 113 
8mL MIEX ND ND 26 2 15 ND ND ND ND 43 
DW 2 
Raw ND ND 126 28 134 7 52 11 ND 358 
10mL MIEX ND ND 27 9 13 4 10 6 ND 70 
DW 3 
Raw ND ND 310 13 337 5 26 6 ND 698 
12mL MIEX ND ND 45 5 26 3 7 4 ND 89 






Table A3 HNM FP of raw and MIEX
®
 treated water. All HNM FP reported as mean of two measurements. 
(Data for Figure 4.2 (c)) 
Sample Treatment 
CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM HNM9 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
EFIW 1 
Raw ND ND 27.2 ND ND 14.6 < MRL 2.3 ND 44.0 
10 ml/L 
MIEX 
ND ND 20.0 ND ND 14.6 < MRL 2.9 ND 37.5 
EFIW 2 
Raw ND ND 20.4 ND ND 6.8 ND 2.3 ND 29.6 
10 ml/L 
MIEX 
ND ND 18.0 ND ND 9.0 ND ND ND 27.0 
EFIW 3 
Raw ND ND 22.1 ND ND 21.5 ND 3.8 ND 47.4 
10 ml/L 
MIEX 
ND ND 13.6 ND ND 13.8 ND 4.1 ND 31.6 
DW 1 
Raw ND ND 10.5 ND ND 4.7 ND ND ND 15.1 
8mL MIEX ND ND 9.9 ND ND 3.1 ND ND ND 13.0 
DW 2 
Raw ND ND 3.9 ND ND 4.7 ND 1.3 ND 10.0 
10mL MIEX ND ND 2.9 ND ND 4.3 ND 1.7 ND 8.9 
DW 3 
Raw ND ND 11.8 ND ND 3.3 ND 1.0 ND 16.0 
12mL MIEX ND ND 6.4 ND ND 3.8 ND 0.4 ND 10.5 





Table A4 Nitrosamine FP of raw and MIEX
®
 treated water. All nitrosamine FP reported as mean of four 
measurements. (Data for Figure 4.2 (d)) 
Sample Treatment 
NDMA NMEA NDEA NYPR NMOR NDPA NPIP NDBA Nitrosamines 
(ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) 
EFOM 1 
Raw 287 ND ND ND ND ND 20 22 329 
10 ml/L MIEX 344 ND ND ND ND ND 24 20 388 
EFOM 2 
Raw 156 ND 12 ND 2 ND 10 21 201 
10 ml/L MIEX 266 ND 13 ND 2 ND 11 26 318 
EFOM 3 
Raw 225 ND 10 ND ND ND 15 14 265 
10 ml/L MIEX 311 ND 11 ND ND ND 22 13 358 
DW 1 
Raw 11 ND ND ND ND ND ND 18 29 
8mL MIEX 14 ND ND ND ND ND ND 24 38 
DW 2 
Raw 10 ND ND ND ND ND 8 7 25 
10mL MIEX 16 ND ND ND ND ND 6 7 29 
DW 3 
Raw 12 ND ND ND ND ND 10 8 30 
12mL MIEX 18 ND ND ND ND ND 12 8 38 





Figure A 1 Effect of MIEX
®
 dose and contact time on removal of (a) DOC and (b) 








































































Figure A 2 Effect of MIEX
®
 dose and contact time on removal of (a) DOC and (b) 









































































Figure A 3 Effect of MIEX
®
 dose and contact time on removal of (a) DOC and (b) 







































































Appendix B  
Supplementary Information for Chapter Five 
Table B 1 THM FP of raw and MIEX
®
 treated water. All THM FP reported as mean of two measurements. (Data for 
Figure 5.3 & 5.6 (a)) 
Sample Treatment 
TCM DCBM DBCM TBM THM4 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Upstream 
Raw 181 24 3 ND 209 
10 ml/L MIEX 37 4 1 ND 41 
Discharge Location 
Raw 300 74 19 1 394 
10 ml/L MIEX 111 54 23 5 193 
D1 
Raw 282 78 22 1 384 
10 ml/L MIEX 97 56 26 7 186 
D3 
Raw 262 93 22 1 377 
10 ml/L MIEX 60 35 18 2 115 





Table B 2 HAA FP of raw and MIEX
®
 treated water. All HAA FP reported as mean of two measurements. (Data for 
Figure 5.3 & 5.6 (b)) 
Sample Treatment 





(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Upstream 
Raw ND ND 75 9 82 3 15 4 ND 188 
10 ml/L 
MIEX 
ND ND 14 2 8 2 3 3 ND 32 
Discharge 
Location 
Raw ND ND 167 35 130 6 55 12 ND 403 
10 ml/L 
MIEX 
ND ND 63 25 31 8 26 13 ND 166 
D1 
Raw ND ND 135 34 113 7 55 13 ND 356 
10 ml/L 
MIEX 
ND ND 45 23 20 9 19 12 ND 128 
D3 
Raw ND ND 113 30 101 7 50 12 ND 313 
10 ml/L 
MIEX 
ND ND 34 19 16 6 18 11 ND 104 





Table B 3 HNM FP of raw and MIEX
®
 treated water. All HNM FP reported as mean of two measurements. (Data for 
Figure 5.3 & 5.6 (c)) 
Sample Treatment 
CNM DCNM TCNM BNM BCNM BDCNM DBNM DBCNM TBNM HNM9 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Upstream 
Raw ND ND 4 ND ND 3 ND 0 ND 7 
10 ml/L MIEX ND ND 4 ND ND 3 ND 0 ND 7 
Discharge Location 
Raw ND ND 27 ND ND 20 ND 6 ND 53 
10 ml/L MIEX ND ND 12 ND ND 22 ND 12 ND 46 
D1 
Raw ND ND 20 ND ND 18 ND 6 ND 44 
10 ml/L MIEX ND ND 7 ND ND 18 ND 12 ND 37 
D3 
Raw ND ND 14 ND ND 16 ND 6 ND 36 
10 ml/L MIEX ND ND 8 ND ND 16 ND 9 ND 34 




Table B 4 THM concentrations in MIEX
® 
treated waters during UFC tests. THM concentrations reported as mean of 
duplicate measurements. (Data for Figure 5.10 (a)) 
Sample Disinfection 
TCM DCBM DBCM TBM THM4 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Upstream 
  
Cl2  35 2 ND ND 37 
Cl2-NH3 10 1 ND ND 11 
NH2Cl 1 ND ND ND 1 
D 4 
Cl2  29 18 12 3 61 
Cl2-NH3 9 4 ND 1 15 
NH2Cl 1 ND ND ND 1 
   ND: Not Detected.  
 
Table B 5 HAA concentrations in MIEX
® 
treated waters during UFC tests. HAA concentrations reported as mean of 
duplicate measurements. (Data for Figure 5.10 (b)) 
Sample Disinfection 
CAA BAA DCAA BCAA TCAA DBAA BDCAA DBCAA TBAA HAA9 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Upstream 
Cl2 ND < MRL 12 2 4 ND 4 ND ND 23 
Cl2-NH3 ND ND 6 2 3 ND 5 ND ND 15 
Cl2-NH3 ND ND 4 2 2 ND 5 ND ND 12 
Downstream 
Cl2 3d ND < MRL 10 6 4 4 6 7 ND 37 
Cl2-NH3 3d ND ND 5 3 3 3 5 7 ND 25 
MCL 3d ND ND 5 3 3 3 5 ND ND 18 
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